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The bulk of meteoroidal particles follow pseudo-random 
orbits and are termed sporadic meteoroids. These are 
thought to be derived from the correlated streams of particles 
released by comets, although the mechanisms by which their 
orbits are dispersed have been the subject of some confusion. 
By developing techniques to compute the frequency of close 
encounters with each of the planets, and also the gross 
outcome of such events, it is shown that most sporadic orbits 
are a result of gravitational scattering by the giant planets. 
Jupiter plays the major role. 
Although catastrophic impacts with smaller particles 
limit the lifetimes of meteoroids, this mechanism is not 
responsible for the bulk of the stream disruption. With 
a simple model of the zodiacal cloud, the method is also 
used to find the collisional lifetime of meteoroids including 
for the first time the dependence upon inclination. 
The rate of meteoroid depletion by planetary collisions 
and hyperbolic ejections resulting from close approaches is 
calculated. It is found that for Jupiter-crossing meteoroids 
these losses are as rapid as those due to the Poynting­
Robertson effect. 
This theory is also applied to six peculiar asteroids, 
including Hidalgo and Chiron. These prove to have extremely 
short-lived orbits: large orbital variations occur on a time­
scale of only �10 3 years. It is also shown that Pluto 
exists in its Neptune-crossing orbit solely because of the 
stable resonance which prohibits approaches between the 
two in the present epoch. 
2 • 
The collision rate between the Apollo-Amor-Aten 
asteroids and each of the terrestrial planets is calculated 
using all 7 6  known objects. The result using this new 
procedure (4- 6 Earth impacts per million years ) is somewhat 
higher than previous estimates, indicating that these 




In this thesis I investigate the role of close 
planetary encounters in the evolution of the smaller bodies 
in the solar system: the main concern is the dispersion of 
meteoroid orbits, but the theory can equally well be applied 
to asteroids and comets. 
In recent years as a result of spacecraft observations 
much attention has been focussed upon the dynamics of the 
cloud of particles responsible for the zodiacal light, the 
majority being particles smaller than 100 wm. A variety 
of forces influence the distribution of these particles. 
Burns et al. (19 79) closed their review of the radiative 
forces at work by noting that new approaches are necessary 
for evaluating the long -term effects of planetary perturbations 
and stochastic collisions. This is especially true for 
larger interplanetary particles, upon which the radiative 
forces are much less important: such a new approach is 
developed here. 
In particular I intend to deal with those particles 
which give rise to meteors (observed by radar, photographic, 
TV, visual or other techniques) when they enter the Earth's 
atmosphere. These bodies, which can conveniently be 
considered to range in radius from 100 wm to 1 cm, will be 
denoted as m,•lcoroids although the semantically-incorrect 
term mel�or is sometimes more easily used. By convention 
smaller particles are often called dust and much larger 
bodies boulders, comets and asteroids. 
4 . 
There are many outstanding problems in what might 
be called the ecology of interplanetary particles which have 
been discussed in detail in several recent books or collections 
of papers (e.g. Elsasser and Fechtig, 1976; Delsemme, 1977; 
McDonnell, 1978; Halliday and McIntosh, 1979; and specific 
references in this text). It is believed that the majority 
of meteoroids are particles released by comets whilst passing 
through the inner solar system, and that these replenish the 
zodiacal light cloud when fragmented in catastrophic collisions. 
Nevertheless there are major problems of understanding in 
each of these two steps and much observational and modelling 
work still remains to be done. The mass distribution index 
for different populations is an important indicator as to 
the processes which are occurring: this is reviewed by Hughes 
(19 78) but is not touched upon here. 
After release a meteoroid follows an orbit similar to 
its parent comet since their relative velocity is small. 
This results in a stream of particles, and hence the meteor 
showers seen on the Earth at various times of the year. 
However only �25% of all meteors are associated with streams, 
the rest comprising a pseudo-random influx of sporadic 
meteors. The mechanism whereby meteoroids are thrown 
from their original streams into dissimilar sporadic orbits 
is another major problem in meteoroid ecology, as was 
explicitly stated by Dohnanyi (1970; p.3485). Important 
questions still to be answered for meteoroids are the same 
as those which were posed by Misconi and Weinberg (19 78) in 
their consideration of the zodiacal dust cloud: "Does Jupiter 
have the dominant role in changing the orbital elements of 
the dust, compared to the other planets? What is the 
5. 
magnitude of these perturbations and what are the associated 
time-scales? How far is the gravitational sphere of 
influence of each of the planets? Does Mercury affect the 
dust distribution despite its small mass? " These are 
the questions which I have attempted to answer in this thesis . 
The confusion in this area is well-illustrated by the 
fact that, in two chapters in the same volume, Dohnanyi (1978) 
ascribes sporadic production to the scattering of stream 
meteoroids by the planets (as was first suggested by Plavec 
in 1956) whilst Hughes (1978) states that sporadics are 
largely the result of collisions between stream meteoroids 
and zodiacal cloud particles. Although it has been known 
since the work of Zook and Berg in 1975 that the eventual 
fate of a meteoroid is most likely a catastrophic impact, and 
also the high mass index of sporadics shows that collisions 
must play some part, it is by no means clear that the 
majority of sporadics originate in meteoroid-dust collisions. 
To date there has been no quantitative footing to ideas upon 
the providence of sporadic meteor orbits, which are totally 
different to those of comet-associated streams (e.g. Hawkins, 
1962). 
A number of different approaches have been used to 
investigate the orbital characteristics of the smaller bodies 
in the solar system. Concentrating upon the origin of 
meteorites, Arnold (1964, 1965) used an encounter probability 
method coupled with a Monte Carlo simulation of the outcome 
of close encounters. Other Monte Carlo simulations, or 
variants, have been used in studies of the origin of 
asteroids and comets (Everhart, 1968; 1969; 1972; 1973; 
Carusi and Pozzi, 1978a; 1978b; Carusi and Valsecchi, 1980a; 
19 80b; Rickman and Froeschle, 19 80), although these require 
vast amounts of computing time. Kresak (1982) has 
6. 
discussed the use of the Tisserand invariant (Jacobi constant) 
and the D-criterion (described in chapter 4) in differentiating 
between cometary , asteroidal and meteoroidal orbits. Alfven 
and Arrhenius (19 7 6) have put forward many novel ideas upon 
the interrelation of meteoroids and comets, and have discussed 
the origin of sporadic orbits in general terms. Despite the 
above advances there has been no definitive answer to the 
origin of sporadic orbits since Plavec (1956) suggested 
the dispersion of meteor streams by planetary close encounters. 
Recently some work has been done upon exact calculations 
of close encounters between specific streams and Jupiter 
(Carusi et al. 19 81; 19 82a; 1982 b; 1983). The results show 
that the stream is destroy ed by the encounter, and the stream 
particles are dispersed into the sporadic background. However, 
this is for a particular case only,where the meteoroid 
trajectories are chosen so as to intersect the planet. To 
find the gross effect of planetary encounters the probability 
(or frequency ) of such encounters is required, and also some 
measure of the outcome of these events: these factors I 
evaluate as follows. 
The first step is to deduce the frequency of meetings 
between a particle in an arbitrary orbit and each of the 
planets. The technique used to accomplish this, detailed 
in chapter 2, is due to Kessler (1981). This method was 
preferred, rather than the limited methods based upon the 
work of Opik (1951; 19 7 6) which have been in favour to date, 
because the relative velocity and encounter geometry of 
particle and planet is immediately available in all encounter 
7 • 
situations. These parameters are needed in the second step, 
described in chapter 3, which involves calculating the 
partition between the different outcomes of such an encounter 
(i.e. collision with the planet, ejection from the solar 
system, or a perturbation of the original elliptical orbit). 
A computer program which performs these calculations is 
included as Appendix 1. 
Use of this program to find the sporadic production 
rate is discussed in chapter 4; the time-scale for sporadic 
production must be compared to the time-scales for the other 
dynamical effects which are also reviewed there. It is 
confirmed that the limiting lifetime for meteoroids is 
defined by impacts with zodiacal cloud particles. The 
techniques of chapter 2 are also used to make a new deduction 
of the meteor collisional lifetime using a simple model of 
the zodiacal cloud based upon spacecraft measurements, the 
results confirming previous rudimentary estimates. This 
is the first time that the dependence of the inclination of 
the meteoroid orbit has been included in the calculation 
(c.f. Leinert et al, 1983) and is therefore a significant 
improvement upon previous methods. 
Many of the factors influencing the lifetimes discussed 
in chapter 4 are dependent upon the meteoroid density. There 
is now a wealth of evidence that whilst the smaller particles 
(e.g. 1-100 µm dust, the dynamics of which were investigated 
by Kresak, 1976) have densities of 3-4 gm cm
- 3 
(Hanner, 1980), 
meteoroids have a much lower density in line with a looser 
structure (Hughes, 1978). The densities measured by radar 
techniques show a large scatter but a value of �0.8 gm cm
- 3 
seems appropriate (Verniani, 1973). Mukai and Fechtig (1983) 
have put forward a theory to explain how gradual closer 
packing of a meteoroid can slowly increase its density. In 
view of the above, and for the sake of simplicity, I shall 
-3 adopt a mean density of 1 gm cm throughout. 
Attention is next turned to meteoroid losses caused 
8 
by the planets (planetary impact or ejection on an hyperbolic 
orbit), and sporadic meteoroid production in close encounters. 
The results for a wide variety of sample orbits are calculated 
in chapter 5, and in chapter 6 the important time-scales are 
calculated for each distinct set of orbital elements. A 
number of new and important deductions are made, the most 
significant being: 
a) Meteoroids in Jupiter-crossing orbits suffer losses 
due to planetary collisions and (more abundant) ejections 
at a rate comparable to depletion by the Poynting-Robertson 
effect; 
b) Jupiter-crossing stream meteoroids are dispersed into 
sporadic orbits by close encounters much faster than they 
are lost from the meteoric complex . 
As aforementioned, the theory developed here can also 
be applied to larger bodies. In chapter 7 I investigate 
the orbital evolution of several objects of particular 
interest: the two giant asteroids Hidalgo and Chiron, each 
of which crosses two of the giant planets, and four smaller 
asteroids which cross Jupiter. All six are shown to have 
lifetimes in their present orbits which are extremely brief 
compared to the age of the solar system. Only one planet 
(Pluto) crosses the orbit of another, and its case is 
discussed in some detail . 
9. 
The meteoroid orbits used in chapter 5 are typical 
of a variety of comets. For the sake of brevity I do not 
additionally consider any specific comets, although it is 
noteworthy that the evolution of cometary orbits can also be 
researched using these techniques. In particular, the 
principle of reversibility implies that the ejection 
probabilities calculated for the closed orbits used here 
are upper limits for the capture probabilities of hyperbolic 
comets entering the solar system. The amount of computation 
is modest compared to the Monte Carlo simulations of comet 
capture carried out by Everhart (1969; 1973), and others. 
There is one other category of interplanetary particle 
which is of much interest: the Apollo-Amor-Aten asteroids, 
which cross the terrestrial planets. These are removed 
quickly due to planetary impacts, and the necessary supply 
has been the subject of intense study over the past decade. 
In Appendix 2, consisting of a substantial paper which has 
been accepted for publication, I re-evaluate the collisional 
lifetimes of these objects using the new techniques 
embodied by this thesis. The results allow a prediction of 
the cratering rate on Mercury, Venus, the Earth and Mars in 
the present epoch. Comparison with the long-term lunar 
and terrestrial crater record adds weight to the hypothesis 
that the present Apollo-Amor-Aten population is not in a 
steady-state, but is the remnant of a wave of comets which 
entered the planetary region in astronomically-recent time. 
CHAPTER 2 
THE PROBABILITY OF AN ENCOUNTER BETWEEN 
TWO OBJECTS IN ARBITRARY KEPLERIAN ORBITS 
2.1 INTRODUCTION 
10. 
In this chapter I derive the probability of an 
encounter between two arbitrary orbiting objects, expanding 
upon the description of Kessler (1981). This method is 
easily implemented by computer. Distinct methods have been 
II 
those of Opik (1951), Wetherill (1967), and Shoemaker et al. 
(1979) 
11  
Opik (1951) developed an approximate theory for 
calculating the probability of an impact by a minor body in 
an elliptic orbit upon a planet in an orbit taken to be 
II 
circular. This was applied by Opik to a number of particular 
11 
objects in the solar system (Opik, 1963, 1966a; and numerous 
other papers). The limitations imposed by the approximations 
11 
made have been discussed (Opik, 1976). 
Wetherill (1967) derived a more general set of equations 
by allowing both objects to be in non-circular orbits, thus 
deriving a more complex but more precise formalism which he 
applied to the problem of collisions in the asteroid belt. 
Shoemaker et al. (19 79) used a similar but alternate 
derivation to that of Wetherill in order to estimate the 
asteroidal collision rate with the Earth. Their method is 
useful in that it incorporates the secular perturbations 
which alter the orbits of the objects in question, whereas 
Kessler's method utilizes only the osculating orbital elements. 
1 1 
Thus Kessler's equations give a zero impact probability 
with the Earth for an Amor asteroid, since it is not 
presently an Earth-crosser, whereas secular variations may 
change it into an Earth-crossing (Apollo) asteroid eventually, 
with a finite collision probability. However, an exact 
solution to the equations of Shoemaker et al. (1979) is not 
yet possible, severely limiting their application . 
Recently Greenberg (1982) has derived a new geometrical 
formalism for orbital encounters avoiding many of the 
II 
approximations of Opik and Wetherill . With some refinement 
it may be possible to extend Greenberg's method to include the 
effects of secular perturbations, and to find the gross 
effects of close encounters . (e . g .  to calculate the probability 
of ejection from the solar system by a different technique 
to that described in chapter 3). 
In this chapter it is assumed that the type of event 
in question is an actual impact, so that the collision cross­
section is the cross-section of interest (equation 2) . In 
chapter 3 the cross-sections for deflection, ejection, and 
collision, are all derived. Thus to find the probability 
of an ejection or deflection it is simply necessary to 
replace a. in equation 7 by the relevant cross-section. 
J 
Kessler's method is analogous to the kinetic theory 
of gases. The orbit of each object is described by semi-
major axis a, eccentricity e, and inclination i. An 
essential feature of the method is that the argument of 
II 
periapsis is taken to be random: Opik (1951) pointed out 
that this assumption is valid over astronomical time-bases 
due to secular perturbations and precession. This assumption 
can also be justified cyclically. Results using Kessler's 
12. 
method, as presented in the later chapters of this thesis, 
show that close encounters producing deflections of a few 
degrees occur for planet-crossing objects on time-scales of 
6 10 years or less. Smaller deviations will be very much 
more frequent, and time-scales of 104-105 or less years are 
applicable to minor changes in a particle's orbit due to 
planetary perturbations which cause an appreciable alteration 
of the argument of periapsis. The argument of periapsis 
(or the longitude of periapsis and the longitude of the node) 
is hence essentially random, and Kessler's method is valid. 
An exception to this would be a particle whose orbit was 
'protected' by being 1n some form of resonance with a planet 
(e.g. the Trojan or the Hilda asteroids). Such a resonance 
is generally possible if the minor body crosses one planet 
only. For example, the resonance which prevents Toro from 
striking the Earth is not stable since this asteroid crosses 
Mars also (Shoemaker et al., 1979). 
The collision probability for two secondary bodies 
orbiting a given primary object is a function of the 
two sets of orbital elements (a, e, i), and the physical 
characteristics of these bodies (mass and radius, m and 
r). Therefore, with M the mass of the primary, the 
collision probability over a long time-base with random 
argument of periapsis is: 
This technique is especially valuable in dealing 
with objects in heliocentric orbits (M the solar mass, but it 
13. 
can be used for any Keplerian orbits, such as stars about the 
centre of their galaxy, or moons orbiting their parent 
planet . The method was developed to find the collisional 
lifetime of artificial satellites in Earth-orbit by Kessler 
and Cour-Palais (19 78), and was applied by Kessler (1981) 
to the outer moons of Jupiter 
2 . 2  BASIS OF THE METHOD 
Take the volume of space in which it is possible for 
the two objects to collide to be split up into small volume 
elements �U, each of which is small compared to the 
uncertainty in the orbital paths of the objects . Then 
the positions of each object within any volume element 1s 
essentially random, as are the molecules in a gas, and the 
flux of one object is 
F Sv 
where v is the velocity of the object, and S its mean 
'spatial density' within the volume �U; that is, inside 
of this volume element there are on average s bodies 
having this orbit, per unit volume. 
( 1) 
The number of impacts upon an area A in time t is 
then given simply by FAt . However, in general the objects 
have an appreciable gravitational field so that gravitational 
focussing increases the effective collisional cross-section 
II 
to become (Opik, 19 51): 
( 2) 
In the case of a minor body such as a comet or asteroid 




are small. Then the term 
outside of the bracket is just the geometrical cross­
section of the planet, and the inside of the bracket is 
unity plus the ratio of the square of the planetary 
escape velocity to the square of the encounter velocity, 
v. 
The number of collisions in time t 1s then 
N = Fot 
so that the collision rate is, from (1 ) and (3 ) ,  
N = Svo t 
However, this would assume that one body is held 
stationary in the volume element; in fact there 1s only 
a small chance that both objects will be in the volume 





where S1 and S2 are the respective spatial densities 
of the two objects in this particular volume element 6U, 
o is the mutual collision cross-section given by (2), and 
Vis the relative velocity of the two at this position. 
The total collision probability between the two is 
the sum of the collision rates in all volume elements 
accessible to both objects: 




This assumes that the collision probability is 
sufficiently small such that many orbits are executed. 
Equation ( 6 ) can be solved numerically by defining volume 
elements of such a size that the spatial density does not 
vary appreciably within the element; then 
a .  6U. 
J J 
( 7) 
where the bars indicate that the mean value throughout the 
element is used. 
15. 
Once the mean encounter velocity is known (section 
2. 4), the collision cross-section can be calculated from 
equation (2). In section 2. 3 the expression for the spatial 
density is deduced. 
2.3 SPATIAL DENSITY 
If the argument of periapsis is random, then the 
spatial density is a function of distance to primary (R ) 
and ecliptic latitude (B) only, so that 








The variation of spatial density with distance from 
the primary. 
In addition, Sis separately dependent upon these 
two parameters: 
S(R, B) = Q(R)B(B) ( 8) 
Here Q is the spatial density at R averaged over 
all latitudes, and B is the ratio of the spatial density 
at B to the spatial density averaged over all latitudes. 
Q depends upon the size and shape of the orbit, described 
by a and e; or equally well by periapsis distance q and 
apoapsis distance q': 
Q(r) = Q(a,e) = Q(q, q') 
B depends only upon the inclination: 
B(B) = B(i) 
and the two functions Q and B are derived separately. 
2. 3. 1  Radial Spatial Density Variation 
Consider a spherical shell of thickness 6R, at a 
distance R from the primary such that (q � R � q'), as 
in Figure 1. 
The orbiting body has a velocity VB with radial 
component 
V = V sin y r B ( 9) 
1 7. 
V is taken to be positive towards the primary so r 
that from apoapsis to periapsis (0° � y � 90° ), and from 
periapsis to apoapsis (2 70° � y � 0° ). The shell has an 
internal distance R, external distance R', mean distance 
R = (R + R')/2 
and a volume 
18. 
( 1 0) 
as long as (6R << R). 
In each orbit the body passes through the shell twice, 
so that the time spent within the shell per orbit is 
6t = 26R/V r 
The velocity of the body is 
G being the universal constant of gravitation. 
Equations (9) and (12) will allow 6t to be 
calculated from (11) as long as sin y is known. 







q'V cos0 ° Bq' = q'VBq' 
RVBR cosy = 
[GM[¾ - ¼Jf Rcosy 
Equating (A), (B) and (C) gives 
2q - q 2 /a = 2q' - q' 2 /a = [¾ - ¼) R2 cos2 y 
cos 2 y = 2qa-q
2 _ 2q'a-q' 2 




qq' = 2qa - q 2 = 2q'a - q' 2 
and then 
cos 2 y = qq' R ( 2a-R) 
Since sin 2 y = 1 - cos 2 y, equations (9), (11) and 
( 12) give: 
The spatial density is just 
Q = .6t/T.6U 
where the period T is 








and then (10), (14), (15) and (16) render 
Q(R) - l/4nR2 a
J, [[¾ - ¼] (1-qq' /R(2a-R) )r 
which, with substitution of a = (q+q')/2,gives 
k 
Q ( R) = 1 / 4 n 2 Ra [ ( R-q) ( q' -R) ] 2 
20. 
( 1 7) 
This is the probability of finding the body within 
a shell of unit volume at distance R, averaged over all 
latitudes. For (R < q) or (R > q'), Q = O. The method 
for dealing with Q as (R � q) or (R � q') is dealt with in 
section 2. 3. 5. 
2. 3. 2 Latitudinal Spatial Density Variation 
The orbiting body is now defined to be within a 
shell of thickness 6R at distance R. The requirement is to 
find the probability of finding the body within a band of 
latitude from B to B + 66. 
Referring to Figure 2 ,  XY is the ecliptic plane. 
The body is imagined to be held stationary at the point 
o, given by (R, B), and is then taken around a circular 
orbit of inclination i (the same as the real orbit) so 
that it traverses path WOX. All possible values for the 
argument of periapsis of the real orbit are scanned in this 
way. 
If the argument of perihelion moves with an angular 






The variation of spatial density with ecliptic 
latitude. 
22. 
circular, then the period of this imaginary orbit is 
T' = 2rr/w (18) 
The time taken to cross the latitude band of width 
6B is just (6B/wsina) where a is the angle which the path 
makes with the line of constant latitude. Since the object 
crosses this latitude twice in every orbit, the total time 
spent in this band per orbit is 
6t' = 26B/wsina (19) 
Equations (18) and (19) therefore give the fraction 





In a similar way to ( 15) , since we need to consider a unit 
volume given by eauation (10), 
B 
= 6t'/T'6U' 
and 6U' is required in order to calculate B. 
The volume of a hemispherical shell is (2rrR 26R), 
and the volume element decreases as the cosine of the 
latitude. Thus 
AU' = 2rrR 2 cosB 6R6R 
and putting (20) and (22) into (21) renders: 





B = 2/n sina cosB (23) 
which is valid for 0 ° ( B � i; B = 0 at higher latitudes. 
Since 





= [sin 2 i - sin 2B] 2 
k B (B) = 2/n[sin 2 i - sin 2 B] 2 ( 24) 
Treatment of this equation as (B � i) is described 
in section 2.3.6. 
2. 3. 3 Net Spatial Density Variation 
Equations (17) and (24) can now be substituted into 
(8) to give the net spatial density. Since R and Bare 
better measures than R and B, write 
S (R,R' ,B,B') = l/2n 3 aR[ (sin 2 i-sin 2 S) (R-q) (q'-R)] ½ 
which is valid for 
and 
( q � R' R I (; q I ) 
(0 ° ( IB,B'I (; i) 
( 2 5) 
The spatial density is zero outside of these limits, but 
care must be taken as these limits are approached. 
2 .3 .4 Integration Methods 
The singularities ocurring when (R + q ) , (R + q ') ,  
or (B + i )  are integrable as follows. The average spatial 
density within a volume is 
24. 
S = f Sdu/f dU (26 ) 
which must be separated into radial and latitudinal terms. 
For very small volume elements equation (22) is 
dU = 2 nR2 cos B dR dB 
and thus using (8) equation (26 ) becomes 
- ff Q (R) B(B ) R2 cosB dR dB s = 
ff R2 cos6 dRdB 
Since Rand B are independent, the integrals are 
separable: 
S(R,R',B,B') = Q (R,R') B (B,B ') 
Here 
R' R' 





is the mean spatial density between Rand R' averaged over 
all latitudes, and 
25. 
B' B' 
B (B,B') = J
B 
B (B) cosB dS/f 
B 
cosB dB (30 ) 
is the ratio of the mean spatial density between B and B' 
to the mean spatial density over all latitudes. 
Solutions to equations (29 ) and (30 ) now are required. 
2. 3. 5  S patial Density as (R�q) or (R�q') 
Let the thickness of the spherical shell (6R) be 
sufficiently small such that the radial distance at any 





R2Q(R)dR � R2 f 
R 
Q (R) dR 
Thus (29 )  becomes 
R' 
Q (R, R') = 6; JR 
S (R)dR 
and by substituting (17 )  this is 
Q(R, R') = -!-: [ ( R -q )  ( q 1 -R) ] 2 d R 
After evaluation of the integral this becomes 
Q(R,R') = 1 [ . [2R' -2al arcsin 
q '-q J 
. 2R-2a 
( l] arcsinl q '-q 
(31) 
which is valid for all volume elements entirely outside 
of the periapsis (R > q) and inside apoapsis (R' < q'). 





TT [arcsin q' -q + 2J 
if (R' � q ') then the square bracket becomes 
[TT . [2R -2a}J 2 - arcsin q'-q 
if (R > q') or (R ' < q) then 
Q(R,R') = 0. 
For an extremely low eccentricity orbit it is 
possible that both (R � q) and (R' � q '), in which case 
the square bracket is just TT, and equation (31) is then 
Q (R, R') = l/4 TTaR6R 
However, since q and q' are effectively the limits 
of R and R', and a =  (q+q')/2 = R here, this becomes 
Q(R � q,R' � q') = l/4 TTR 2 6R 
It shoulr be noted that the equivalent to this in 
Kessler (1981) (equation llA) contained a typographical 
error. His equation lOA should also have been for the 
26. 
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mean spatial density (Kessler, 1984 , personal communication ). 
A numerical comparison of the results of equations 
(29 ) and ( 3 1 ) shows that the approximation used in deriving 
(3 1 ) leads to a typical error of 0. 3% for a thousand-point 
summation in place of the true integral. 
2.3.6 S patial Density as (8 + i )  
A solution to equation (30 ) is required. The value 
of the denominator is simply (sin8' - sin8 ), but the 
numerator is more complicated. Using equation (24 ) the 
numerator is 
8 1 8 1 
J
S 





n�'} - arcsin (
s�n�JJ 
1T Slnl Slnl 
Thus equation (30 ) becomes 
d8 
B(B,8' ) = _
TI
_(_s-1-. n-8-�---s-1-. n-S- ) [ arcs in ( :t�� 
1 
J-arcsin (-:-�-�-�} J 
( 3 2 ) 
This is the average spatial density between latitudes 
8 and 8' compared to the spatial density averaged over all 
l atitudes. 
It must be remembered that the latitude can take 
values between -90° and +90° , and that the ratio 
(sin (6 or 6')/sin i) cannot exceed unity. Therefore when 
(8' � i) or (-6 � i) the relevant arcsine takes the value 
(n/2). If ( 6 � i) or ( -6 ' � i) , B ( 6, 6 ' ) = 0 . 
It is easily seen that since 8' > B always, the 
factor outside of the bracket ensures that the calculated 
spatial density is positive. 
2.3. 7 Overall Spatial Density 
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Equations (31) and (32) can now be substituted into 
(28) to give the mean spatial density between radial distances 
R and R '  and between latitudes 6 and 6': 
S (R, R ',6,6 ') 
1 = 
2n 3 aR6R (sin6'-sin6) 
[ 
· 2R 1 -2a l r • sin6 1 l arcsin ( , ) arcs in ( . . ) q -q Slnl 
. 2R-2a l . sin8 -arcsin ( , ) -arcsin (-.-.) q -q Slnl 
( 3 3) 
This formula is necessary when R or R' are close 
to periapsis or apoapsis; and when the absolute values of 
the latitudes 6 or B' are close to the inclination of the 
orbit. Otherwise equation (25) is used to find the spatial 
density. 
2. 4 RELATIVE VELOCITY 
The magnitude of the relative velocity of the two 
bodies in a particular volume element is required. The 
individual velocities can be calculated by recourse to 
equation (12), and then the relative velocity from 
as long as the encounter angle� is known. Figure 3 
represents a coordinate system centred upon the point 
29 . 
(34) 
of intersection, with the XY plane perpendicular to the 
spherical shell in Figure 1. The angle� can be calculated 
by spherical trigonometry as: 
The values of cos Y1 and cos y2 are given by 
equation (13), taking the positive square root in each 
case since (270 ° � y � 90 ° ). Hence siny 1 and siny2 can 
be calculated, but these can take either sign: from 
apoapsis to periapsis (0 ° � y � 90 ° ) so that siny is 
positive. From periapsis to apoapsis the converse is 
true. 
In considering Figure 2 it was seen that 
cosi = cosa cosB 
(35) 
so that a1 and a2 can be calculated from the inclination 
and the latitude: 










Relative velocity of the two colliding objects. 
6 = (6+6')/2 
Since 270° � a �  90° , cosa is positive. However, 
(a1-a2) can take any value so that cos (a1-a2) can be 
positive or negative. 
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It is seen therefore that each of the square brackets 
in equation (35) can be positive or negative, and four 
values for intersection angle � are possible in any 
particular volume element: 
cos� = ±[siny1 siny2] + [cosy1 cosy2 cos (a1 ± a2) ] 
( 3 7) 
Hence there are four possible intersection velocities 
resulting from equation (34). For the purposes of calculating 
the mean collision probability via equation (7), the mean 
encounter velocity is required: this is just the average 
of the four possible collision velocities. However, as 
was made clear by Kessler (1981), this is not the same as 
saying that all collision velocities are equally likely: 
the higher velocities render a higher likelihood of 
collision. (An exception to this is when a minor body 
encounters one of the giant planets: the enhancement of 
the gravitational cross-section over the geometrical 
cross-section, given by equation (2), depends upon the 
reciprocal of the square of the relative velocity. Because 
of this the probability of a collision at a high velocity, 
such as when the minor body is in a retrograde orbit, is 
less than that of a low velocity collision). 
2. 5 COLLISION PROBABILITY 
All terms are now available for the evaluation of 
equation (7). The two spatial densities S 1 and S2 are 
given by (25) or (33), bearing in mind the limitations of 
validity given after equation (25). The mean velocity is 
found from (34) using (37) and the mean radius vector R 
fran (12). The collision cross-section is calculated from 
(2) using the mean relative velocity. Finally the 
volume element is given by (22) with the mean parameters 
being used; i. e. 
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6U = 2nR 2 cos B 6R 68 (38) 
Equation (7) can now be numerically integrated. This 
must involve a compromise between precision and the computation 
time involved. However, since an exact collision probability 
lacks physical usefulness, a precision of better than 1% is 
not required. In fact the assumptions and approximations 
made above do not warrant more exact computation. An error 
limit of 10% is entirely satisfactory. 
Kessler (19 81) used a radial jump of 6R � O.lR, 
producing an error of less than 1% in the radial dependence 
(c. f. section A. 3. 5). His latitude bands were 68 = 3 °. 
It was found here that 100 iterations in radius (6R = 0. 0 1  R 
at worst) and 50 iterations in latitude (68 = 3�6 at worst) 
is sufficiently precise for all orbits, bearing in mind 
the desired error limit. It is comparatively simple to 
program for a self-adjusting number of iterations (i. e. 
investigate the volume of space accessible to both bodies 
and then subdivide this into a suitable number of volume 
elements by defining 6R and 6B). The summation of (7) 
is then over this number of volume elements, j. 
A word of warning to future computors: ensure that 
the volume elements straddle (R = q, q') and (B = 0 °, ±i). 
33. 
CHAPTER 3 
THE RESULT OF AN ENCOUNTER BETWEEN 
A MINOR BODY AND A PLANET 
3. 1 INTRODU CTION 
34. 
In this chapter I show how an estimate can be made of 
the result of a close encounter between a body of negligible 
mass (e. g .  a comet , asteroid or meteoroid ) and one of the 
planets. The general method used here is a development 
of the techniques described by Weidenschilling (1 975 a ) , and 
also by Fernandez (19 7 8) . 
The result of a close encounter can be an ej ection 
from the solar system , an orbital disruption , or a collision 
with the planet . I refer to these respectively as being 
an ej ection , deflection , or collis ion , and the cross-section 
for each of these events is required for use in equat ion (7 ) .  
An exact analytical solut ion for the path t aken by the 
minor body , hereafter termed the 'part icle ', is not possible; 
this is the classic 'three-body problem '. A number of 
alternat ive appro aches have been used , and mostly the 
encounter i s  considered as be ing separable into two distinct 
two-body phases . Outside of the 'sphere of inf luence ' 
of the plane t (def ined later in this chapter ) the particle 
mot ion is cons idered to be governed solely by t he at tract ion 
of the Sun , whilst inside this region the particle 's path 
is taken to be a planetocentric hyperbola . This simplist ic 
assumpt ion is useful si nce then the part icle ' s  veloci ty 
relat ive to the planet is the same at the entry and exi t 
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points to the sphere of influence, only its direction is 
changed. This separation into two, two-body problems has 
II 
been used extensively by Opik ( 1 9 6 6  b), Bandermann and 
Wolstencroft (1 9 70, 1 9 7 1), Weidenschilling (19 7 5  a,b), 
Cox et al. ( 1 9 7 8) and Fernandez ( 1 9 7 8) .  For very low 
encounter velocities this assumption breaks down (Dole, 1 9 62; 
Giuli, 1 9 6 8), but is of minor importance here. As might 
be expected, exact numerical integrations of the orbits of 
minor bodies close to a planet with full consideration of 
the solar field indicate that the approach used here (two 
distinct two-body problems) does not allow an exact 
prediction of the outcome of particular encounters (Carusi 
and Pozzi, 1 9 7 8  a,b). This is because the mid-range 
perturbations, outside of the sphere of influence, are not 
negligible. However my intention is only to find 
approximate values for the probabilities of collision, 
deflection and ejection, rather than to plot exact orbital 
changes, so the simple basis of the treatment is entirely 
j ustified. 
3. 2 DEFLECT ION PRODUCING A GRAZING IMPACT 
Let a particle of negligible size and mass approach 
a planet of mass m 1 and radius r . Using the two-body 
approximation, at a large distance from the planet the 
particle is taken to travel in a straight line with velocity 
V relative to the planet (from equation 34). Let the 
impact parameter (the minimum distance which the particle 
would pass from the centre of the planet if it continued on 
a linear path) be b. Let b be the impact parameter which g 
actually results in a grazing collision with the planet. 
This means that b is the maximum impact parameter which g 
results in a physical collision, so that nb 2 is the g 
collision cross-section. I will follow Weidenschilling 
(19 74) to find the value of b and hence the angular g 
deflection producing a grazing impact, x . g 
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The attraction of the planet results in the particle 
having an accelerated r elative velocity VA when it reaches 
the surface of the planet, so that, by conservation of 
angular momentum, 
V b = VA r .  g 
If ther e is no resisting medium which slows the 
particle before the collision (that is, the radius of the 
planet is measured to the top of the sensible atmosphere) 
then the loss of potential energy of the particle will equal 




= v 2 + r 
The second te rm on the right-hand side is the square 
of the planetary escape velocity, V , and these two equations e 
can easily be re-arranged to give 
b ?. = r 2 [1 + 
Ve2 ] = r 2  [ 1 + 
2Gm 1
] g V 2 rV 2 
( 3 9 ) 




= nr 2 
V 2 
[ 1 + V: ] = (40) 
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where oG is the geometrical cross-section of the planet. 
Equation (40 ) is the same as equation (2 ) for the case of 
a particle of negligible mass and radius. 
The Rutherford Scattering formulae, normally used 
for the Coulombic field, can equally well be used for the 
Newtonian field (Landau and Lifs hitz, 19 7 6 ) .  Substituting 
in the planetary gravitational potential the Rutherford 
Scattering impact parameter is: 
Gm 1 
b = cot (X /2 )  
v2 g 
Equations (39 ) and (41 ) then give 







( 4 2) 
which is the angular deflection producing a grazing impact. 
For a point-mass planet, x would need to be 180 °. g However, 
for a real planet of finite size, X is less than this: g 
for example, the zenith attraction well-known to meteor 
astronomers can have a value of up to 1 7 ° . 
x may be of the order of 150 ° . g 
For Jupiter ,  
For a more exhaustive discussion of the application 
of the Rutherford Scattering impact parameter formula to the 
gr avitational case, and the validity of the two , two-body 
approximation, see Ruppe ( 19 6 6 ;  p. 146 ) .  
3 . 3  THE SPHERE OF INFLUENCE AND THE 'MINIMUM DEFLECTION' 
38. 
Clearly there is no such thing as a ' minimum deflection ' 
since the deflection tends to z ero as the impact parameter 
becomes infinite.  Here the term 'minimum deflection ' 
( denoted xd) is applied to the smallest deflection produced 
by an encounter; an encounter is in turn defined as being a 
passage within the sphere of influence, of radius d .  An 
angular deflection xd results from an encounter with impact 
parameter b=d, so that again using the Rutherford Scattering 
formula, 
xd = 2 arctan [::! ] =2arctan [ x: ]  ( 4 3 )  
and the radius of the sphere of influence , d, is required. 
There have been a number of definitions used for the 
sphere of influence. The ' Hill Sphere' of the planet is 
the volume bounded by the Lagrangian points of the restricted 
three-body problem ,  of radius 
where R is the distance to the Sun , and 
M is the mass of the Sun (Wetherill , 1980) . 
This can be derived by requiring that the perturbation of 
the particle ' s  heliocentric orbit due to the planet be equal 
to the solar attraction; this is not the same as requiring 
that the planetary and solar attractions be equal (Ruppe, 1 9 6 6) .  
Tisserand 's more thorough investigat ion (Ruppe, 19 6 6; 
p . 153) renders 
d = R [ (1 + 3 cos 2 A) 0 • 1  J (ml /M ) 0 • 4 
3 9. 
where A is the angle between the Sun-planet radius vector 
and the position angle of the particle relative to the planet . 
The bracketed term can vary from 1. 00 to 1. 1 5. 
The definition used successively by Kislik ( 1 964) , 
Rad zievskii ( 1 967) , Bandermann and Wolstencroft (197 �) ,  and 
Weidenschilling ( 1 975 a) is: 
( 4 4) 
Since these definitions do not vary appreciably 
(Wetherill, 1 980) , the latter will be used here for ease of 
comparison with previous work. By substituting (44)  into 
(4 3) , the minimum deflection in an encounter (xd) can now be 
calculated. 
3. 4 THE MEAN A ND ROOT-MEA N -SQUARE DEFLECTIONS IN AN ENCOUNTER 
For an encounter where the planetary mass is large and 
the impact parameter is small, the deflection x will be large; 
a small relative velocity would enhance the deflection 
(c. f. equation 4 1 ) .  In such an encounter all memory of the 
original traj ectory will be lost , excepting that the Jacobi 
constant (Tisserand invariant) will be conserved (e. g. Kresak , 
197 9) . 
However , most passages are distant , so that the angular 
deflection is small and the new particle orbit is not 
substantially different from the original orbit. In a phase 
space described by some form of heliocentric angular coordinates, 
multiple encounters by the particle with different planets 
will result in a random walk of step length eq ual to the 
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deflection. Multiple encounters thus result in a 
diffusion of the orbit until it no longer resembles the 
original particle orbit . The expectation value of the 
square of the ultimate deflection (x ) is just the sum of the u 
squares of the individual deflections; i. e . , for i encounters, 
I I  
Opik (1966 b )  required that an accumulated Xu = 90
° 
should occur for a complete ' loss of memory ' by the particle 
of its original orbit . 
The above indicates that the mean and/or root -mean­
square deflection per encounter would be of use in describing 
the diffusion of a particle orbit . 
these two parameters . 
I n  this section I derive 
The Rutherford Scattering differential cross-section 
for deviation x is: 
do  ( 4 5 )  
(Landau and Lifshitz,  19 76; p . 53 ). 
For a particular encounter the bracket is a constant, 
and the trigonometric part can be integrated (formula 
322 , p . 568 , CRC Handbook ) to give a total cross -section as: 
Equation (4 6 ) can be used to determine an alternative 
expression to (40 ) for t he collision cross -section , as follows . 
For an impact upon the planet, the minimum deflection required 
is Xmin = X g , given by ( 4 2 )  The maximum deflection 
corresponds to zero impact parameter, or Xmax 
= 180° . Thus 
the collision cross -section is: 
[ (Gm 1 ) 2 ] [  _ 2 
ac = TI
-;;; 
sin (Xg/2)  ( 4 7 )  
Substitution of the relevant planetary parameters 
and any required relative velocity shows that this renders 
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the same result as found from (4 0) . In all numerical work 
I have used (40) since it requires less computation. 
A non -obvious error in Weidenschilling (1975a) should 
be pointed out here . Clearly his equations (1 2) and (13) do 
not lead to his equation (1 7) , a factor of TI being missing. 
Similarly , the TI is missing from his equation (18 ) . H owever, 
this is correct since his normalised units are equivalent 
to having a unit of time of (l /2TI ) times the planet 's orbital 
period , and a unit of area (1 / TI ) .  This follows from taking 
the unit of length as being the planet 's semi - maj or axis , and 
the unit of velocity the planet 's orbital velocity. Weiden­
schilling 's equation (18 ) therefore gives an answer which is 
numerically correct , and for his units all is right if the 
factor of n is deleted from his equation (12) . 
Equations (4 5) and (4 6 )  can now be used to calculate 
the probability of obtaining any angular deflection x within 
an interval d x. This depends only upon the relative velocity 
V for any particular planetary encounter since xd is a function 
of V. Since xmin = xd and xmax = 180
° this probability is 
P ( x l v ) d x = 
dn 
0 - 2  sin ( xd / 2) -1 
( 4 8) 
Note that this is the probability of such a deflection per 
encounter , and the definition of an encounter depends upon 
the definition of d (equation 44 ) .  By accepting a larger 
value o f  d ,  and hence a smal ler minimum de f l ection Xd ' the 
probabil ity o f  a certain l arge def lection per encounter i s  
decreased markedly . The probabi lity o f  such a deflect ion 
per unit t ime remains  constant . 
The mean deflect ion ( xBAR ) per e ncounter can now be 
found . This  is  
X g 
J X do XBAR 0 nc 
Xd 
where o ne 
is  the non-co l l i s ional  cross-sect ion : 
or 
o = nd 2 - o nc c 
4 2 .  
s ince any X � x results  in  a col l i s ion . Thi s cross- sect ion g 
can be used in equat ion ( 7 )  to f i nd P0 , the probabil ity o f  a 
de flection . 
After cancel la t ion o f  the constant s , 
X BAR = [ s i n  
- 2 ( X d / 2 )  
( 5 0 )  
which can  be integr ated by parts (formu la 5 ,  p . 5 4 2 ;  
formu la  3 0 8 , p . 5 6 7 ; formu l a  3 2 2 , p . 5 68 , CRC Handbook ) to give : 
( 5 1 ) 
A typical  va lue o f  xBAR � ( 1 .  8 to 2 .  O )  xd i s  found . 
in a 
Next the root-mean -square deflection XRMs is derived 
similar way . Since 
1 
rg 2 x
2 do XRMS 0 nc 
Xd 
4 3. 
an equation for X�s is derived which is identical to (50 )  
except that the x inside of the integral is replaced by x 2 . 
The equation can be integrated as before ( using additionally 





+ 4 xd cot (
xd/2 ) 
x; sin
- 2 (Xg/2 ) 1 
- 4 x cot (Xg/2 ) g 
[ + B £n (sin (
Xg/2 ) )  - 8 £n (sin (Xd/2 ) )J (52 ) 
In Weidenschilling (19 75 a )  the equivalent to this 
(his equation 2 7 )  contained an error . 
A typical value of x
RMS � (2 . 6  to 2 . B )xd is derived. 
3. 5 PROBABILITY OF EJECTION 
Using the deflection range xd to x g it is now possible 
to calculate the probability of an encounter resulting in the 
particle being ejected from the solar system. 
The planet is considered to be a scattering centre which 
is momentarily on a circular orbit of radius R ,  so that the 
circular velocity is: 
( 5 3 )  
At this solar distance the critical heliocentric velocity 
for ejection from the solar system is 
so that V 2 = 2V 2 
C 0 
As discussed previously, in the encounter it is 
( 5 4 )  
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assumed that VRC ' the relative ve locity of the particle and 
the planet taken to be on a circular orbit, is conserved 
in magnitude but not in direction . In Figure 4 a, v6 2  is 
the particle velocity and 0 is the encounter angle, given by 
equation (3 7) with y1 = 0 since a circular orbit is assumed. 
Thus 
cos 8 = cos y 2 cos (a1 ±a 2 ) 




2 + v 2 - �v v cos e RC 2 o � 2 o 
( 5 5 )  
( 5 6 )  
Figure 4b shows the geometry after the encounter. 
A deflection x results in VRC being conserved with its 
orientation changed from E to E ', and thus its heliocentric 
velocity is changed to v�2 . This new velocity will not in 
gene ral be in the same plane as v6 2 , and it is assumed that 
all orientations of the new relative velocity vector VRC 
are equally likely for a given E' (i. e. the scattering is 
rotationally symmetric) . 
This is more clearly shown in Figure 5. A deflection 
x results in a new direction of VRC which may be anywhere 
on the circle ABCD. 
V I >- V B2 r c 
An ejection requires 
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FI G U R E  4 a  
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FIGURE 4 
Pre- and post-encounter geometry 
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De f l ect i on i n  an e n counter , and the es cape cone 
TA N G E N T TO 
4 7 . 
and this results in an 'escape cone', symmetric about the 
tangent, which is described by a half-angle E 
C 
This angle 
is determined by setting vB
2 







and any E' � E results in an ejection . 
C 
Similarly from Figure 4a, 
( 5 7 )  
( 5 8)  
and a deflection of at least (E - E ) is necessary for the 
C 
particle to attain an hyperbolic heliocentric velocity . 
The probability of this is now required . 
Any new vector VRC which lies inside of the escape cone 
wi l l  result in an ejection .  In Figure 5 a particular deflect-
ion x will give an ejection if the new direction of VRC lies 
anywhere along the arc AB . Since it has been assumed that 
all orientations for a given x are equally likely, this means 
that the probability of an ejection in this case is just the 
length of arc AB divided by the perimeter of circle ABCD . 
If R is the half-angle of arc AB, the probability of ejection 
here (i . e .  the probability of an infinite heliocentric distance 
resulting) is: 
P ( n• )  = l � / 11 ( 5 9) 
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The angle B can be calculated since the .angular lengths 
(E , E ,X l of its spherical triangle are known, so that: 
C 
or 
cos B sin X sin E = cos Ec - cos X cos E 
[
cos E:c - cos x cos E ] B = arcos sin X sin E 
( 60) 
To get the total ejection probability for a given 
encounter it is necessary to integrate P(00) over all possible 
deflections (all possible impact parameters). To do this 
the minimum and maximum possible deflections, Xmin and Xmax ' 
are required. 
It has been seen that a deflection of  at least (E -E ) 
C 
is needed, which would normally be the value of x . . m1n 
However, it is possible that the deflection at the edge of  the 
sphere of  influence ( xd l might be greater than (E-Ec). 
Therefore , 
= E -E 
C 
> E -E ) 
C 
( 6 1 ) 
Note that it is still possible for particles whose 
original orbits are near -parabolic to be ejected from the 
solar system although their closest approach is (b :-- d): only 
a very small deflection is necessary for those particles to 
attain a hyperbolic heliocentric orbit. Thus for particles 
of large a the ejection probability derived here would be 
a lower limit . 
From Figure 5 it is also apparent that it is possible 
to 'over -deflect' a particle: if x > (E +E ) then 
C 
the particle 
is deflected past the escape cone and ejection is not possible. 
This is in fact one way in which near-parabolic  comets may 
be captured into short-period orbits by a close encounter 
with one of  the gi ant planets (Everhart, 1 968 , 1 9 72, 1 9 73).  
S im i larly if  x > x then an impact occurs and ejection is g 
impossible ; the maximum possible de f lection for an e j ection 
is there fore: 
= E+E  C ( X 
> 
g E+E  ) C 
4 9 . 
(62) 
(x < E + E  ) g C 
An additional constraint is that for some trajectories 
the minimum de fl ect ion necessary for an ejection is in fact 
greater than the de f lect ion producing a graz ing impact . 
Equally we ll  the maximum de f lection producing an ejection 
could be less than the de flect ion produced at the edge of  
the sphere of inf luence. Thus for a non-zero ejection 
probabi l ity it is required that: 
and 
Xmax > X d 
( 6 3 )  
S ubject to (61 ,62 , 63) the probabi l ity o f  ejection for a 
given encounter (given VRC ' E) is obtained by integrating 
equation (60) over al l possible di f ferential cross-sections. 
This probabi l ity is: 
Xmax 
p (cn ! vRC ' E) J (
B / n J  do 
Xmin 





0 µ cos ( X / 2 ) sin-
3
( X / 2 ) dx 
Xmin 
( 64 )  
with G from equation (60) . 
This probability can now be used to find an ' e f fective 
e j ection cross-section' , 0 
e 
The encounte r cross-section is : 
= nd 2 ( 65 )  
and o e is de fined here as: 
a = ad P (
00 I V  , E )  
e RC 
( 6 6 )  
Equations ( 65 )  and (66) give cross-sections for 
encounter and e j ection respective ly , which can be used in 
eq uation ( 7 )  to determine the probabi lity per unit time of 
these events occurring . 
The integral in equation (64 )  must be evaluated 
numerically . This can be per formed easily using Simpson ' s  
Rule , as fo l lows . 
3 . 5. 1  The Ejection Integral Using Simpson ' s  Rule 
The integral in equation (64 ) , with G given by ( 60)  
needs to be fo und numerically. The standard method for 
per forming such a quadrature is the use of Simpson ' s  Rule , 
which is applicabl e  whe re the po lynomial is o f  the third-
degree or less. ( See , for example ,  Kopal , 195 5 ; Conte , 1965 ; 
Dorn and McC racken , 197 2 ) .  
He re Simpson ' s  One-Thi rd Rule has been used , viz : 
5 1. 
X 1 + 2h 
I =  l f ( x)dx = 
X 1 
The error function (Erf) is of the order of h 5 and so 
is small as long as the region of interest is split up into 
a sufficiently large number of slices (n) , each of width 2h. 
The integral is then given by the sum of the n values of I. 
The number of slices n can be quite small w ithout any 
great loss of precis ion : in most cases the total error is 
dominated by the computational round-off error rather than 
the imprecision error (Erf) for n � 10 0. Due to this 
considerat ion , and also because in the present situation 
(i) precis ion is not of paramount importance , and (i i) this 
integration is nested within another sununation (equation 7) , 
it was decided to use n = 4 5 . Thus the maximum possible 
value of dx  is 6 x  = h = 2 ° ,  but will generally be substantially 
smaller . 
By tri al it was found that , for the function in quest ion , 
changes well below 1% in the value of P (00 ! VRC ' E) resulted from 
increasing n above 4 5 . The total computation time for an 
arbitrary particle orbit is also kept within a reasonable 
limit using this number of iterations. 
3 . 6  ORBITAL ENERGY CHANGE PER ENCOUNTER 
The orbital energy of a particle of mass m and sem i­




Rather than carry the constant I shall define as a 
measure of the orbital energy the quantity 
so that 
K = - 1 / a 
GmMK E = -2-
An ejection upon a hyperbolic heliocentric orbit 
( 6 7 ) 
( 6 8 ) 
corresponds to K becoming positive. A parabolic orbit has 
K = 0 ,  and a bound elliptic orbit has a lower energy than 
this (i . e .  K negative ) .  An increase in semi-major axis 
therefore corresponds to an increase in orbital energy . 
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One way to calculate the mean energy change in an 
encounter would be to derive an expression for the probability 
of a certain new energy K ,  P (K ! VRC ' E ) .  This could easily 
be performed , in the same way as the derivation of P (00 / VRC ' E ) .  
The only difference would be that the critical (escape ) 
angle E e would be replaced by an angle Ek representing the 
minimum deflection necessary to reach the required energy K. 
This angle would be defined by an equation similar to (57 ) ,  
rep lacing Ve by Vk ' this being the velocity at radial distance 
R of an orbit having energy K: 
( 6 9) 
However , an added complexity is that to derive the mean 
energy change per encounter it would be necessary to integrate 
P (K / VRC ' C ) over narrow bands dE centered on Ek for each 
possible value of K; that is , the probability of finding an 
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energy K within an interval dK would be required. Thus a 
double integral would result (c . f .  equation 36 in Weidenschil­
ling , 19 75 a) , whose numerical evaluation would be prohibited 
by the necessary computation time. 
A much more simplistic approach is followed here in 
order to get a rough estimate of the rate of orbital energy 
change due to close encounters for comparison with other 
dynamical effects. 
For all possible encounter geometries the maximum and 
the minimum relative velocities are selected , and the average 
of t hese two is taken to be a measure of the mean encounter 
velocity, V . m T he mean planetary orbital velocity VBl is 
estimated from the velocity whi ch would occur if it followed 
a circular orbit of radius equal to its semi -maj or axis: 
( 70) 
The particle velocity at this distance can also be 
calculated: 
( 71) 
The geometry i s  now similar to that in Fi gures (4 a) 
and (4 b) . Before the fictitious encounter the encounter 
angle is given by: 
cos E � [ ( 72) 
A measure of the deviation is taken to be x RMS ' so that 
the trajectory after such an encounter would be described by : 
E' = E ± X
RMS ( 7 3 )  
54. 
Note that this assumes that the new orbital velocity vector 
vB
2 
is in the same plane as the velocity v
B 2  
before the 
encounter (i.e. in Figure 5, B = 0 ° or 180 °) so that this 
represents an overestimate of the orbital energy change . The 
, I new velocity v
B2 
is found by again assuming that the velocity 
relative to the planet, V here, is changed in direction but 
m 
not magnitude. Thus 
renders the semi-major axis of the part icle' s new heliocentric 
orbit, and the change in orbital energy is: 
L'I K  = 
1 (75) 
A posit ive value of L'IK represents an increase in energy. 
Two values for L'I K  from equation (75) result ; combining equations 
(7 1 to 75) these values are: 
2VB1 vm [ ] AK = ---- cos (E ± xRMS) - cosE GM 
A measure of the overall energy change per encounter is : 
2VB 1 vm [ 
= GM cos (E- xRMS) + 
- 2 COSE 
( 7 6) 
( 7 7 )  
The fractional change in orbital energy per encounter is given 
by (7 7) divided by ( 6 7), and the fractional change per year 
is found by multiplying this result by P0 (the probability of 
an encounter , found from equation 7 using equat ion 49 for the 
cross-section). Thus 
5 5. 
[ cos ( E - x
RM5)+cos ( E + xRM5)
] 
-2cosE 
( 7 8) 
is used here as a crude measure o f  the rate o f  orbital e nergy 
change due to planetary encounters. 
The sign of ( 7 8) has been chosen such that, again, 
a positive value represents an increase in orbital energy. 
The value derived from the orbital energy change is 
taken to be an order o f  magnitude estimate only, for 
compar iso n with other dynamical e f fects. Particular care 
needs to be taken when the particle ' s  perihelion or aphelion 
distance is close to the planet' s semi-maj or axis. 
is noted upo n i n  more detai l i n  chapter 5. 
This 
CHAPTER 4 
FACTORS LIMITING THE LIFETIMES OF 
METEOROIDS 
4 . 1 INTRODUCTION 
5 6 . 
Using the techniques described in Chapter 2 to 
determine the frequency of  plane tary encounters for a 
particle in an arbitrary he liocentric orbit, and Chapter 3 
to deduce the resu l ts of such an encounter, it is now 
possible to de fine lif e times for a particular body against 
certain events occurring. The meaning of such a life time 
( T )  is that after a time T the fraction ( f )  o f  particles 
l e ft in  the original orbit wi ll be, for a Poisson distribution 
of  encounters, 
f = exp ( -t/ T )  ( 7 9 )  
The re levant l i fe times (or t ime-scales )  are those for plane tary 
co l l ision ( T C ) ,  gravitational de fl ection ( T D ) ,  or e j ection 
from the solar system ( T E) .  If the probabilities ( per unit 
time )  o f  such events are PC, PD and PE respective ly, then 
T = 1/P C C 
T = 1/P  D D 
T = 1/P  E E 
( 8 0 )  
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A deflection results only in a new elliptical orbit , 
so that the interplanetary meteoroid population is not 
depleted , only re-arranged. However , a planetary collision 
or ej ection from the solar system removes a meteoroid from 
the complex; a loss time-scale ( 1L ) is hence of use , defined 
as 
( 8 1 )  
Clearly 1 0 is useful in predicting the production rate 
of sporadic meteors from streams; however 1 D is not the 
time-scale for sporadic production since it is possible 
that the deflection produced in a planetary encounter will 
be insufficient to produce a significant change in the orbit 
of a particular meteoroid compared to the stream . In the 
next section of this chapter I show how 10 can be used to 
determine a time-scale for sporadic meteoroid production , 
Although 1 L describes the rate at which meteoroids 
are lost in planetary close encounters , there are many other 
factors which limi t the lifetimes of interplane tary particles. 
These factors include radiative effects (Poynting-Robertson , 
Yarkovsky-Radzievskii , differential Doppler radiation 
, 
pressure ) , electromagnetic effects ( Lorent z  scattering , 
Coulomb drag) , rotational bursting , and collisions with 
o ther particles. In the subsequen t sections of this chapter 
each is reviewed and its importance to the dynamical 
evolution of meteoric particles (size range � 1 0 0  µm  - 1cm) 
is assessed. 
4 .2 SPORADI C  METEOR PRODUCTION 
In order to define a time-scale for the production 
of sporadic meteors by the random planetary disruptions 
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of meteor streams, i t  is cle arly necessary to di fferentiate 
between these two types of meteoric particl e. 
When mak ing surveys of the characteristics of 
meteoroid orbi ts, by whatever observational technique, it 
is usual to use as a criterion for deci di ng upon stream 
membership the D-parameter of Southworth and Hawkins ( 1963) . 
For two orbits A and B, which may represent two independent 
meteors or a measured meteor and the mean orbit of a stream, 
the D-parameter is  defined as , for low inclinations : 
where e is the 
q is the 
l is the 
r2 is the 
and w is the 


















QA- wA] ] ' 
orbital eccentricity, 
perihe l ion distance, 
inclinat ion , 
longitude of the ascending node, 
argument of perihe l ion. 
( 8 2 ) 
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Southwo rth and Hawkins ( 19 6 3 )  have discussed the scaling 
facto rs used in this definition , as have seve ral other autho rs. 
There have been othe r definitions of criteria fo r orbit 
diffe rentiation ( e . g. Drummond ,  19 79 ; 19 3 1 ) , but fo r the 
present rudimentary use , ( 82 )  is entirely adequate. 
When using this crite rion to discriminate between 
showe r and sporadic me teo rs, some maximum value of D must 
be chosen. Southwo rth and Hawkins ( 19 6 3 )  decided upon 
D � 0 . 20 ,  although other autho rs have use d a lowe r limit . 
Since a set of measured orbital elements contains measurement 
e r rors in addition to real orbi tal variations , the value 
of D used in an orbit survey must refle ct the expected 
unc e r tainties in the measurements (see Gartre ll and Elfo rd, 
19 75, fo r a discussion) . Although an argument could be made 
fo r a lower value , I will use D = 0. 20 as the limit he re . 
The re are two ways in which I have used the D-crite rion 
to qe t a crude estimate of the characteristic time-span for 
spo radic meteor production from streams. The first is as 
follows . In Figure 5, since the pe rturbing planet is close 
to the ecliptic plane a deflection x produces a mean change 
in inclination of the same orde r ,  especially so if j s j  � 90 ° . 
If no other change in the orbital elements were produce d 
then equation ( 8 2 )  is ve ry much simplified and the diffe rence 
be tween pe rturbed orbit B and unperturbed o rbit A is 
x = 2 arcsin ( O. l) 
so that a deflection of - 10° is required. This could 
be regarded as the necessary accumulated deflection for 
the production of sporadic meteors from a stream source, 
and can be compared with the x = 90° required by Opik u 
( 1966b) for complete 'loss of memory' by the particle of 
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its original path ( chapter 3) . Since the expectation value 
of the net deflection accumulates as the sum of the squares, 
one deflection of 10 ° or a hundred deflections of 1 ° would 
be necessary. The time -scale for an accumulated deflection 
of 10° is therefore : 
( 8 3)  
where the surrunation is over all of the planets intersected 
by the particle. 
I will now move on to an alternative method for 
estimating this time-scale. Southworth and Hawkins ( 196 3) 
pointed out that a measure of the difference between two 
orbits is the perturbation required to transform one orbit 
into the other. Since a perturbation is just a force applied 
for a certain length of time, it can be n�asured by the 
change in velocity that it produces. As discussed by 
Southworth and Hawkins ( 196 3) , since the D-criterion 
encompasses all of the orbital elements it is a measure 
of the total perturbation which has changed an orbit, or 
the total velocity change produced. They find that for an 
orb i t  w ith an eccentrici ty no t close to 1 ,  D is about 1 . 5 
times the mean veloci ty increment ( 6v)  in uni ts of the 
circular velocity ( v) . Thus 
( e  < 0 . 8 5 )  
or, for D 
stream if 
0 . 2 0 ,  a sporadic meteor is produced from a 
6v 
V 
� 0 . 1 3 
S ince 
1 
E = - 2 v
2 
is the orb i tal energy per uni t  mass , 
6E !':,! 2 6v 
E V 
6 1 . 
and so I w ill adopt a cri terion for sporadic meteor production 
of 
6E 
E � 0 . 2 5  
This can now be used in conj unct ion w i th the rate of  energy 
change cal culated from equation ( 7 8) to find the time-scale 
for sporadic production: 
6 2 .  
( 8 4 )  
4 E  
The result from equation ( 84 )  will be an overestimate 
of the time-scale since in deriving ( 78) only the difference 
in orbital energies between the forward - and backward­
scattered particles was used .  Actually all scattered 
particles suffer changes to their energy and orbital 
elements; however ( 84 )  will suffice in the present situation. 
The values of T A and T S calculated from equations 
( 83) and ( 84 )  represent two alternate time -scales for the 
production of sporadic meteors by planetary disruptions of 
meteor streams. As noted above, TS is an overestimate, 
but the derivation of  TA is also somewhat crude. Their 
values should, however, give some idea of  the rate at which 
the planets disrupt streams, for comparison with the other 
processes at work. 
4 . 3 RADIATIVE FORCES ON METEORO IDS 
The various in fluences upon meteoroidal orbits due 
to the solar radiation field have been the subj ect of  
intensive study and I will only briefly mention them here, 
for the purposes of  finding the relevant time-scales. An 
excellent and exhaustive review is that of  Burns et al ( 19 79) . 
4 . 3 . 1  Radiation Pressure 
Clearly the absor ption of solar radiation results 
in an outward force due to the momentum carried by the 
photons . The impulse will depend upon the scattering 
coef ficients of the particle , the solar distance , and also 
upon the particles radial velocity (because o f  the Doppler 
shi ft in the absorbed wavelen gths ) .  Radiation pressure is 
o f  extreme importance for particles smaller than - 1 µm 
( Leinert , 1 9 7 5 )  altho ugh Burns et al ( 1 9 79 )  find that , 
contrary to previous conclusions , submicron dust is not 
easily blown out o f  the solar system. 
For larger particles it is convenient to include 
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the ef fect o f  radiation pressure with the Poynting-Robertson 
force. 
4.3. 2  Poynting-Robertson Ef fect 
The Poynting-Robertson e f fect ( Poynting ,  1 9 0 4 ; 
Robertson , 1 937; Wyatt and Whipple , 1 9 5 0 )  results in an 
interplanetary particle slowly spiralling into the sun . 
Altho ugh formulated by Robertson ( 1 93 7 )  using the metric 
o f  special relativity , Burns et al ( 1 9 79 )  have shown that 
a classical derivation is  possible . 
As mentioned above , the solar radiation field results 
in an outward force upon an orbiting particle due to the 
photons which it scatters or absorbs . Those absorbed photons 
have an additional role to play in that they heat the 
parti cle , their energy being re-radiated at longer wave­
len gths. However , relative to the particle ' s  orbital 
motion the forward-emitted photons are blue-shi fted by the 
Doppler e f fect ,  the converse being true for the photons 
emitted in the opposite direction. This results in more 
momentum bei ng lo st from the forward-pointing hemisphere , 
and a braking effect upon the particle. The gradual loss 
of orbital energy in this way causes it to spiral into 
the sun. The decelerating drag is due to the difference 
between the incoming and outgoing momenta. The outward 
radiation pressure force can easily be combined with the 
inward Poynting- Robertson force , although the former is 
small for the particles of interest here ( 1 00 µ m  - 1 cm) 
since these have a large mass -to-surface-area ratio 
( Dohnanyi , 19 78 ;  Figure 1 7) .  
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There are a number of expressions for the Poynting­
Robertson lifetime, depending upon whether the initial orbit 
is  ci rcular ( the effect rapidly decreases the eccentricity) ,  
the actual infall distance required, and other factors. 
I shall use a definition for the Poynting-Robertson time­











a ( l-e 2 ) 3/
2 
is the total solar output in Watts ; 
is the fraction of the momentum of the inci dent 
photons transfered to the meteoroid ( v  = 1 for 
pure absorption, V = 2 for direct reflection ) ; 
is the velocity of li ght ; 
l S  the meteoroi d  radius ; 
is the meteoroid density. 
Putting in the relevant values and with v = 1, p = 10 3 
kg m- 3 , th i s  becomes 
a = 
2 .5 X 10 8 X ( 2 + 3e
2 ) 
s a (l-e 2 ) 312 
where s is expres sed in metres. 
6 5. 
( 85 )  
From the expres sion for orbital energy ( equation 68 ) , 
E a 
E a 
and I shall define the Poynting-Robertson time-scale as 
E 
T PR = • = E 
a 
a 
or, us ing ( 85 )  with a expres sed in A.U. and the year as 
the unit of time, 
2.8 x 10 9 s a 2 (l-e 2 ) 3 1 2 
( 2 + 3e 2 ) 
( 86 )  
( 87 )  
where again s i s in metres. The reason for thi s  choice o f  
de finition for T PR i s  that it involves the fractional rate 
o f  change o f  orbi tal energy ( c.f. equations 78 and 84 ) .  
Equation ( 87 )  indicates that T PR increases linearly 
with particle s i ze. About the shortest-lived meteoroid in 
the domain of interest would be a Gemi nid member ( a � 1 . 4 A.U . , 
e � 0.9 ) o f  diameter 100 µ m :  it  wo uld have a li fetime 
T PR � 10
4 years or somewhat les s ,  due to its small peri helion 
d i s tance . Generally the expected li fetimes from equation ( 87 )  
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vary from 1 05 to 107 years . Note that although a factor of 
a 2 appears in ( 8 7) ,  the initial semi-ma j or axis is compar­
atively unimportant: the dominant factor is the initial 
perihelion distance. 
An additional energy source which enhances the 
Poynting-Robertson effect is the absorption of solar wind 
particles. This has sometimes been termed the ' pseudo 
Poynting- Robertson effect ' since it acts in the same way : 
the outward pressure is insignificant compared to the 
radiation pressure and the drag is due to the difference 
in momentum of the Doppler-shifted re-emitted photons 
(Dohnanyi, 1 9 78 ) .  This may cause an enhancement of the 
order of 20% in the Poynting-Robertson deceleration 
( Whipple, 196 7; Carpenter and Pastusek, 196 7) .  The effect 
of the solar wind in this connection is especially important 
for submicron dust particles ( Burns et al, 1 9 79) , but is of 
limited significance to meteoroids larger than 1 00 µm. 
This has been investigated in detail by Mukai and 
Yamamoto ( 1982) . 
Finally it is useful to note that although Burns 
et al ( 19 79) expanded the previous work on the Poynting­
Robertson effect to include real scattering laws, their 
treatment was still limited to spherical particles. A 
start upon the problem of irregularly-shaped particles has 
been made by Kerker ( 1980) . 
4.3.3 Yarkovsky-Radzievski i  Effect 
An addi tional consequence of the momentum lost by a 
meteoroid through re-emitted photons is introduced if the 
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meteoroid is spinning. The temperature di stribution across 
its surface wi l l  not be uniform since the ' evening 
hemi sphere ' ,  having just been exposed to the sun, wi l l  be 
warmer than the ' morning hemisphere'. Therefore there w i l l  
b e  an asyrmnetry i n  the radiated momentum, and a particle 
wh ich spins in the same sense as its orbital motion wi l l  be 
accelerated. The sign of this force ( acceleration or deceler-
ation)  wi l l  depend upon the spin direction. The Yarkovsky-
Radzievsk i i  effect hence counteracts the Poynting-Robertson 
drag for prograde-spinning particles , but enhances it for a 
retrograde spin. The effect has been re-discovered on a 
number of occasions ( Opik, 1951; Radzievsk i i, 1952; Petersen, 
19 76; Burns et al, 19 79 ) .  
Clearly this wi l l  be a three-dimensional diffusi ve 
infl uence, the magnitude and direction of the force varying 
as the spin rate and orientation of the particl e is changed 
by inter-particle col l isions and other factors. The time-
scale of the effect ( Radzievsk i i, 1952; Dohnanyi, 1978) i s :  
a J 
( 8 8 )  
where s is the particle radius in metres; 
p is the particle density in kg m- 3 ; 
a is the radi us of i ts orb i t (in A . U.), taken to be 
circular; 
and P is the particle spin period in seconds . 
It is found that for particles larger than dust 
grains ( i.e .  meteoroids 100 w m  - 1 cm of interest here) 
the Yarkovsky-Radzievskii force is significant and may 
dominate the Poynting-Robertson force ( Burns et al, 19 79) . 
From the evidence of the initial widths o f  radar 
meteor trails, Hawkes and Jones ( 19 78) have made an 
argument for spin rates of the order of 10 3 revolutions 
per second for meteoroidal particles . With this spin 
rate and again taking a 100 w m  Geminid meteor as an 
example, equation ( 88) renders T YR � 6 x 10
3 years . This 
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is not significantly different from the Poynting-Robertson 
It must be remembered that the Yarkovsky­
Radzievskii effect will lead to a three-dimensional random 
walk rather than a simple infall to the sun ( Dohnanyi, 19 78) 
and hence could be important in the production of sporadic 
meteors from streams. However there is some doubt as to 
whether it is o f  any significance for objects of meteoroid 
dimensions, or indeed any smaller than - 1 metre, since 
solar radiation pressure will cause the spin axis to 
precess and the force then time-averages to zero ( Slabinski, 
19 79; Burns et al, 1979) . Therefore I shall take the 
Yarkovsky-Radzievskii force to be of limited significance 
compared to the Poynting- Robertson drag in discussions of 
the lifetime of  sporadic meteoroids. 
4 . 3 . 4 Di fferential Doppler Ef fect 
A subtle influence upon the motion of an inter­
planetary particle, which was not identified until 19 75, 
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is the differential Doppler effect. This has been discussed 
by Burns et al ( 1979) and is but briefly mentioned here 
since it is only of importance for a meteoroid close to 
the solar surface . 
When a particle is close to the sun, the latter can 
no longer be approximated as a point-source of radiation 
( Guess, 1962) . Due to the solar rotation, one half of this 
extended source will be approaching the particle, with a 
resultant blue-shift in the received photons, and the 
radiation from the other half will be red-shifted . The 
drag force resulting is always smaller than the Poynting­
Robertson drag, and is insignificant at all solar distances 
of interest here . 
4 . 4  LORENTZ SCATTERING 
Interplanetary grains are thought to be at a potential 
of the order of 1 to 10 volts due to impinging charged 
solar wind particles and also photoemission caused by the 
solar ultra-violet flux ( Mukai, 1981; Lafon et al, 1981 ) . 
This charging leads to a perturbative force upon the 
particl es since not only are they moving relative to the 
magnetic field carried by the solar wind, but additionally 
the magnetic field is changing at a fixed point in space 
as the wind moves away from the sun ( Parker, 1964; 
Morfill and Grun, 1979; Consolmagno, 1979, 1980 ) . The 
particl es thus experience a Lorentz force which rapidly varies 
as the magnetic fiel d changes in intensity and direction . 
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The Lorentz force can be of the same magnitude as the 
gravitational attraction of the sun for high-speed sub­
micron particles ( Levy and Jokipii, 19 76 )  but its major 
significance for interplanetary particles is in the size 
range from l to 10 µm ( Morfill and Grun, 19 79 ;  Mukai , 1981 ; 
Mukai and Giese, 1984 ) . The Lorentz scattering force 
can be up to 10% of the Poynting- Robertson force for a 
30 µm  dust grain , but is unimportant for particles of 
radius > 100 µm ( Consolmagno , 19 79 , 19 80) . Its influence 
upon the Keplerian orbits of dust particles will be 
diffusive in nature ( Barge et al , 19 82a , b )  and it is 
thought to be responsible for the overall distribution 
of the zodiacal cloud of dust ( Mukai and Giese , 1984 ) . 
From the intensive study of Lorentz scattering of 
interplanetary dust which has been carried out over the 
past five years it has become clear that this force is of 
limited significance to meteoroidal particles, and hence 
is ignored here . 
Coulomb drag is also negligible ( Leinert et al , 
1983) . 
4 . 5 ROTATI ONAL EFFECTS 
The particle spin described in section 4 . 3. 3  occurs 
due to the influence of interparticl e collisions and also 
the solar radi ation field . The former is a fairly obvious 
cause of spin and has received much attention as the source 
of asteroidal rotations ( Gehrels , 1979 ) . The latter arises 
because asymmetries either in the geometrical shape or the 
refractive index of an interplanetary particle will result 
in a torque being imposed by the scattered photons (see 
Dohnanyi, 1978) . If  this torque continues to act in the 
same sense then the spin rate will increase until the 
angular velocity is such that the particle breaks asunder .  
This has been termed 'rotational bursting' (Paddack and 
Rhee, 1976 ) . For materials whose angular acceleration is 
not damped in any way it has been estimated that a life­
span of the order of 10 5 years is applicable to a l  cm 
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meteoroid. For metallic particles, or chondritic meteoroids 
containing metallic inclusions, the spin is magnetically 
damped and a lifetime of - 10 6 years at l A.U. results 
(Paddack and Rhee, 1976 ) . These periods would be shorter 
than the relevant Poynting-Robertson lifetimes but have been 
disputed in view of other damping mechanisms (Sparrow, 1975 ) . 
As pointed out by Dohnanyi (1978 ) , it is difficult to 
quantitatively estimate the time-scale associated with 
rotational bursting; however this is of little importance 
since in the next section it is shown that in the size range 
of interest (100 wm  - l cm) the dominant effect, limiting 
the lifetimes of these meteoroidal particles, is in fact 
catastrophic interparticle collisions. 
I t  is not really possible that this windmill-like 
spinning up is of relevance to the lifetimes of meteoroidal 
particles on account of the particle's rotational kinetic 
energy prior to a collisional. For reasonable spin rates 
(e.g. Hawkes and Jones, 1978) and encounter velocities, the 
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translational kinetic energy is greater than its rotational 
counterpart by a factor of - 10 6 • The contrary suggestion 
of Dohnanyi ( 1978) hence appears to be incorrect. 
An alternative spin-up mechanism, with the spin axis 
being parallel to the motion of the particle rather than the 
sun-particle direction, was suggested by Radzievskii ( 1954) . 
4. 6 INTER-PARTI CLE COLLISIONS 
4. 6. l  Introduction 
An understanding of the role of inter-particle collisions 
in the evolution of meteoroids and the zodiacal cloud has 
only been possible since spacecraft observations of the 
spatial density of particles have been available. The 
last fifteen years have seen an intensive effort in this 
area, and present models depend upon several poorly-known 
parameters such as the density of interplanetary particles 
and their physical strength . 
I t  was not until 19 75 that Zook and Berg showed that 
the lifetimes of particles larger than 100 µm are limited 
by collisions within l A. U . ,  so that the Poynting- Robertson 
drag and other loss mechanisms described earlier in this 
chapter are not dominant for the majority of meteoroids. 
This conclusion has since been confirmed by other researchers 
(e. g. Le Sergeant D'Hendecourt and Lamy, 1981 ; Trulsen and 
Wikan, 1980 ) . 
The results of a collision can be considered in a 
number of distinct regimes ( e. g. the discussions by Hughes, 
1978, and Dohnanyi, 19 78) . If the relative kinetic energy 
of two intersecting particles is small ( e . g .  a low-mass 
dust grain collides with a meteoroid at a low relative 
velocity) then the result will be an erosion: some of the 
meteoroid wil l  be chipped away . Above a certain limit the 
collision energy is sufficient to fragment the meteoroid 
into numerous small pieces: a catastrophic collision . At 
the other end of the scale, impinging solar wind particles 
will cause sputtering, gradually eroding the meteoroid 
( Mukai and Schwehm, 1981) . 
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I t  is known that the erosive processes cause physical 
decay of meteoroids much more slowly than the destructive 
impacts, and so these are usually ignored ( Dohnanyi, 19 72; 
Le Sergeant D'Hendecourt and Lamy, 1981; Leinert et al, 
1983) . However it should be noted that for micron-sized 
dust grains this is not true: erosion results in a rapid 
decrease of the particle radius with concomitant reduction 
of the Poynting-Robertson lifetime . Eventually the radius 
is sufficiently small and the solar radiation pressure 
sufficiently large to eject the particle from the solar 
system on an hyperbolic orbit ( Kapisinsky, 1 9 83) . 
In the next section I brief ly review the present 
situation as regards the collisional lifetimes of meteoroidal 
bodies . Since a complete understanding is still some way 
off, a detailed discussion is not possible: only an order 
of magnitude estimate of the col lisional lifetime is neces-
sary . In  section 4 . 6 . 2  I show how the techniques described 
in chapter 2 can be applied to this problem to achieve more 
realistic calculations than have been hitherto possible . 
Since the intricacies of this problem ( involving such 
things as the physical strength of meteoro ids)  are not 
yet understood, my only intention is to show that the 
technique gives results whi ch confi rm previous esti mates 
whilst accommodating the effects of parti cular orb i tal 
parameters . 
4 . 6. 2  Previous Results 
7 4 .  
There have been a number of attacks upon the problem 
of inter-parti cle coll isions and the lifetime against loss 
by such an event ( r  : subscri pt z since the majori ty of 
z 
coll isions are with zodi acal cloud particles) . Whipple 
( 19 6 7 )  was concerned with the maintenance of the entire 
meteoritic complex, and compared the lifetimes for collisions, 
erosions, and loss via the Poynting-Robertson mechanism . 
Dohnany i ( 19 6 7 ;  19 69 ; 19 70 ; 19 7 8 ;  and other papers) has 
developed models for the coll isional evolution of bodies 
ranging in si ze from meteoro ids to astero ids . The mass 
distr ibution index measured for various classes of ob j ects, 
and its theoretical value for fragmenti ng or accreting 
systems, has been the subj ect of some study (for example, 
Napier and Dodd, 19 74 ; Daniels and Hughes, 19 81 ; Bishop 
and Sear le, 19 83 ) . 
In attempting to explain the mass distr ibution index 
of meteoroids and thei r fragmentation products, and hence 
the supply of particles to the zodiacal cloud (10 - 100 µm) , 
Dohnany i ( 19 70 ;  19 78) developed a very si mple model. He 
defined r as the reciprocal of the integral of the product 
z 
of the encounter veloc ity, the coll ision cross-section and 
the spatial density over all masses capable o f  producing 
a catastrophic collision: 





l m/ r 
VO S ( M) dM 
C 
where S is the spatial density of particles of mass M; 
a is the collision cross-section ( for spherical 
C 
particles, TI times the sum of  the squares of  
their radii ) ;  and 
75 . 
( 89 )  
r is a factor which defines the minimum size o f  
incident projectile which will cause fragmentation . 
Dohnanyi adopted limits of  r = 50 and 1000, and further 
simplified the calculation by assuming a constant impact 
velocity of  20 kms- 1 • His results for meteoroidal particles 
( i . e .  radius 100 µm  - l cm) in circular orbits at l A . U .  
were ( Dohnanyi 19 78; Figure 24 ) time-scales of the order: 
T � l X 10 4 years ( 100 µ m) 
z 
T � 3 X 10 3 years ( 1  mm) 
z 
T � l X 10 5 years ( l cm) 
z 
The minimum value of  T for all sizes of  interplanetary 
z 
particle occurs at l mm . This result was also found by 
Lc inert et al ( 1983) , and i s  caused by the opposing 
influences upon T of  increasing meteoroid cross-section 
z 
and decreasing population of  dust particles capable of  
causing fragmentation . 
A much more sophisticated model has been developed 
by Leinert et al ( 198 3 ) , whereby they take into account 
the particle ' s  orbital semi - major axis and eccentricity . 
Using a size distribution based upon a model of  Giese and 
Grun ( 1976 ) , they find at 1 A. U. ( Leinert et al , 198 3; 
Fi gure 10) : 
T = 2 X 105 years ( s  = 100 µm)  z 
T z 
= 4 X 104 years ( s  = 1 mm )  
T = z 8 X 10
5 years ( s = 1 cm) 
These are about an order of magnitude longer than the 
values derived by Dohnanyi ( 1978 ) , but still shorter than 
the Poynting-Robertson lifetime, T PR" 
In view of the discrepancies between published 
collisional l ifetimes, the only justifiable concl usion is 
that T is less than � 8 x 105 years for 1 cm meteoroids, z 
and � 2 x 105 years at 1 00 µ m, both for orbits close to 
that of the earth . Between these size limits T is some -z 
76 . 
what less. Except for meteoroids whose initial orbits give 
them very small perihelion distances ( e . g.  the Geminids 
or Arietids) , T z is of the order of 10% of TPR so that the 
major loss mechanism consists of collisions with the zodiacal 
cloud . 
4. 6. 3 The Collisional Lifetime by the Present Method 
In view of the precedin g sections it is apparent 
that there is much room for improvement in the modellin g 
of particle collisions in the inner solar system. In 
this section I will briefly show how the collision 
frequency method described in chapter 2 can easily be 
7 7. 
applied to meteoroid fragmentation . This method is in 
advance of the most refined treatment to date, that of 
Leinert et al ( 198 3) , in that it does not assume a 
spherically symmetric distribution of meteoroids and zodiacal 
dust particles : the influence of the various particle 
inclinations is easily accommodated . 
Since this is purely an example of the efficacy of 
the technique, I shall choose as a test particle a meteoroid 
of radius 1 nun .  Simulation experiments reported by Leinert 
et al ( 1 98 3) indicate that for an impingin g particle velocity 
of 1 0  km s- 1 , the minimum particle radius which will cause 
a catastrophic collision is described by f 3 � 5 x 104 , or 
r � 30 to 4 0  ( c. f. equation 89) . Therefore at this velocity 
the minimum particle size is - 30 µm, for the complete 
fragmentation of a 1 mm meteoroid. 
The models of Giese and Grun ( 1976) show that the 
spatial density of particles larger than 30 µm is about 
1. 5 x 1 0- 1 7  cm- 3 , which I shall adopt as the standard 
spatial density characteristic of the environment at 1 A. U. 
and close to the ecliptic. This figure is in line with the 
mass density estimates of - 1 x 1 0- 2 2  gm cm- 3 by Hughes 
( 19 75) , Leinert (19 75) , and Le Sergeant D ' H endecourt and 
Lamy ( 1980) . Denoting the spatial density of the zodiacal 
cloud as S this is therefore: 
z 
s � 5 x 102 2  (particles of s > 30 µm) ( A. u. ) - 3 z 
in the region of the Earth . 
At  any particular solar distance R and ecliptic 
latitude B ,  S will be somewhat different. Spacecraft z 
h h h S . - 1. 3 ( . measurements ave s own t at varies as R Leinert 
et al , 1 98 3) , although there are local enhancements ( e. g. 
close to the orbital distances of  any of the planets or in 
the asteroid belt) . The zodiacal cloud has a fan-shaped 
structure of  mean inclination close to 30° ( Weinberg and 
Sparrow, 19 78 ;  Leinert et al, 19 76 ;  198 3) . The plane of 
syrrunetry is not coincidental with th e eclipti c  plane but 
is 3 ° away ; neither is it coincidental with the invariable 
plane of  the planets ( Misconi and Weinberg, 19 78 ;  Leinert 
et al, 1980) .  Despite this small deviation I will assume 
that the spatial density varies as ( 1  - sin B) . Thus at 
78. 
any radial distance R ( in A. U. ) and l atitude B ,  the spatial 
density of particles larger than 30 µ m is taken to be: 
S = 5 x 1 02 2  ( 1 - sinB) /R
1 · 3 z (A . U . )
- 3 
This can then be used in equation ( 7) ,  with the other 
spatial density found from the orbital parameters of the 
meteoroid in question, as described in chapter 2. 
( 90) 
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The relative velocity in the collision is calculated 
by assuming that the zodiacal light particle is following 
a circular orbit o f  radi us R an d inclination 30 ° , the mean 
for the zodiacal cloud . The resultant particle velocity 
is then compounded with the meteoroid velocity at the 
same position. The encounter velocity deri ved in th is way 
is a better measure than the constant value of 20 km s- 1 
used by Dohnanyi ( 1 97 8) ,  or the pure Keplerian orbital 
velocity used by Leinert et al ( 1 983 ) . By the method used 
here a higher collision velocity, and hence a shorter 
collisional lifetime, will result for meteoro ids in highly 
eccentri c or retrograde orb its. 
The final parameter required for the evaluation of 
equation ( 7 ) is the collision cross-section, wh ich is taken 
to be o = ns 2 w ith s = 1 mm. S ince the maj ority of 
C 
impacting particles have radi i much smaller than the 
meteoroid, their finite cross-section is i gnored. 
The collisional lifeti me can now be calculated 
as the reciprocal of the collision probab i lity given by 
( 7 ) .  For several fictitious meteor orbits and also the 
orbits of a few of the streams listed by Cook ( 1 973 ) , the 
characteristic li feti mes are given in Table 1 .  
The results are as could be anticipated . For the 
meteo rs in low eccentricity orbits ( a = l ,  e = 0 . 1 ) T is z 
large since the meteor never enters a re gion o f  high spatial 
density. As the inclination increases, so does the encoun ter 
velocity in th is simple model and the lifeti me is smallest 
for the retrograde meteor ( i  = 150 ° ) .  The eccentric orb its 
TABLE 1 :  
Name a= ( A .  U . ) 
1 . 0  
1 . 0  
1 . 0  
1 . 0 
1 . 0  
1 . 0  
1 . 0 
Dayt ime Ari e ti ds 1 .  6 
Gemini ds 1 .  3 6  
Monoce ro t i ds 4 2  
Vi rgin i ds 2 . 6 3 
H al l ey i ds 1 5  
Andrornedi ds 3 . 5 3 
Ur s i ds 5 .  7 
Pe gas i ds 3 . 8 6 
Pe rse i ds 2 8  
Quadran t i ds 3 .  0 8 
Carne lopardal i ds 1 . 5 3 4 
COLLI S I ONAL LI FETIMES OF 1 mm METEOROI DS I N  VARI OUS 
e = q= ( A .  U . ) i = ( de g ree s ) 1 = ( xl 0 3 ye ars ) 
z 
0 . 1  0 . 9  0 4 3  
0 . 1 0 . 9 1 0  4 4  
0 . 1  0 . 9  3 0  6 1  
0 . 1  0 . 9  9 0  1 6  
0 . 1  0 . 9  1 5 0  1 2  
0 . 9  0 . 1 3 0  1 3  
0 . 9 5 0 . 0 5 3 0  1 0  
0 . 9 4 0 . 1 0 2 1 . 0 2 3  
0 . 8 9 6 0 . 1 4  2 3 .  6 2 2  
0 . 9 9 7  0 . 1 4 2 4 . 8  2 5 0 0  
0 . 9 0  0 . 2 6 3 . 0 7 3  
0 . 9 6 0 . 6 0 1 6 4 6 4 0  
0 . 7 6 0 . 8 5 1 3 . 0  1 9 0 
0 . 8 5 0 . 8 6 5 3 . 6 3 3 0 
0 . 7 5 0 .  9 7 8 . 0 2 5 0  
0 . 9 6 5  0 . 9 8  1 1 3 . 8 1 1 9 0 
0 . 6 8 3 0 . 9 8 7 2 . 5  1 2 0  
0 . 3 5 2  0 . 9 9 8 . 2  8 0  
ORB I TS 
1 = ( xl 0 3 
z 
1 1  
1 4  
9 
1 7  
1 1  
2 9  
2 4  
3 3  
8 
2 3  
4 2  




( a = l; e = 0. 9, 0. 95 ) have decreasing lifetimes since 
they enter regions of high spatial density ( low perihelion 
distance, q) . 
The stream orbits are arranged in order of q. 
Considering T in units of the meteoroid orbital period 
z 
( far right column) , a general increase in T with q is 
z 
apparent, as expected. Exceptions are the H alleyids and 
Perseids , the retrograde paths of which limit T z 
From these sample orbits it is clear that for semi­
major axes of l to 2 A.U. the collisional lifetimes 
range from 2 to 8 x 1 04 years, given the input model 
parameters. This is in line with the estimate of Leinert 
et al ( 198 3 )  but is an order of magnitude longer than 
that of Dohnanyi ( 1 9 78 )  for l mm meteoroids. 
The above treatment was intended to illustrate the 
usefulness of the technique developed in Chapter 2 for 
calculating collision probabilities. The process can easily 
be repeated for 1 00 µ m  and l cm meteoroids with an appropriate 
choice of the spatial density of interplanetary particles 
capable of fragmenting such meteoroids. E ven simpler is a 
scaling of the values of T 
z 
in Table l by a factor which 
incorporates the o and S applicable to other meteoroid 
C Z 
si zes. Similarly a more realistic model for the orbital 
distribution of zodiacal cloud particles could be used, and 
is an intended future extension of this work. 
4. 7 SUMMA RY 
In sections 4. 3 - 4. 6 the various infl uences which 
limit the lifetimes of  meteoroids have been reviewed. It 
8 2. 
has been seen that the lifetimes for loss due to the Poynting­
Robertson and Yarkovsky - Radzievskii ef fects, other radiative 
causes, rotational bursting, and electromagnetic inf luences, 
are longer for the size range 100 µm - 1 cm than the 
col lisional lifetimes with zodiacal cloud particles. An 
exception to this could be a tiny meteoroid with a small 
perihelion distance ( e. g. a 100 µ m  Geminid meteor) for 
which the Poynting -Robertson drag is probably the limiting 
factor : however, a catastrophic impact with another particle 
would still be its eventual fate as its orbit decayed. In 
view of  the dominance of the collisional lifetime 1 , the 
z 
dif ference in definition of the other characteristic life-
times ( some being orbital decay times, others being probabil­
istic loss times against stochastic events) is unimportant. 
The results obtained here in section 4 . 6. 3  and also by Leinert 
et al ( 1983) indicate that the following are the approximate 
limiting li fetimes o f  meteoroids : 
1 � 2 X 1 05 p z 
1 � 4 X 104 p z 
1 � 8 X 1 0 5 p z 
( s 1 0  0 µm )  
( s = 1 mm) ( 91 )  
( s  = 1 cm ) 
where p is the orbital period in years. I shall adopt these 
as being the time-spans against which other events are to 
be gauged. The events in question are sporadic meteor 
production by planetary disruption ( TA ' equation 8 3  or T 8 , 
equation 84 ) or loss by planetary collision or ej ection 
( TL ' equation 8 1 ) .  
8 3. 
CHAPTER 5 
PLANETARY DISRUPTION OF METEOROID ORBITS 
5. 1 INTRODUCTION 
84. 
The method discussed in chapter 2 allows the encounter 
probability for two obj ects in arbitrary Keplerian orbits to 
be calculated, and the techniques of  chapter 3 enable the 
outcome of such an encounter to be investigated. One of 
the most general ( and hence computer - time - consuming) versions 
of a set of programs encompassing these techniques has been 
included as Appendix 1 of this thesis. 
The present context covers the effect of close 
encounters between a meteoroid ( o f insignificant mass and 
radius but orbit to be stipulated ) and any of the planets. 
The orbits and physical parameters o f  the planets are 
therefore required; the values I have used are listed in 
Table 2. Pluto has been excluded since its mass and radius 
are now known to be insubstantial (Duncombe and Seidelmann, 
1980; see also chapter 7) . The radii used are those to the 
solid surface at the equator for the terrestrial planets, 
and to the visible cloud tops for the gi ant planets , and so 
represent an underestimate of the impact cross-section for a 
meteor. 
A number of test particles are required to carry out 
this investigation of the gross effects of stream disruption 
by the planets. The test particles need to have orbital 
TABLE 2 :  ORB I TS , MAS S E S AND RADI I OF THE PLANETS 
a= (A . U . ) e = i= ( de gree s )  Mas s ( kg )  Radius ( km )  Re fe rence s *  
Me rcury 0 . 3 8 7 1 0 . 2 0 5 6  7 . 0 0 4 3 . 3 0 2 xl 0 2 3  2 4  3 9  S t rom ( 1 9 7 9 ) 
Venus 0 . 7 2 3 3 0 . 0 0 6 8 3 . 3 9 3  4 . 8 7 0 xl 0 2 4  6 0 5 1 Hun ten e t  al ( 1 9 7 7 )  
E arth 1 . 0 0 0  0 . 0 1 6 7 0 . 0 0 0  5 . 9 7 7xl 0 2 4  6 3 7 8  As tronomi cal Almanac ( 1 9 8 4 ) 
Mars 1 . 5 2 4  0 . 0 9 3 3  1 .  8 5 0  6 . 4 1 8 xl 0 2 3  3 3 9 7 As tronomi cal Almanac ( 1 9 8 4 ) 
Jup i ter  5 . 2 0 3  0 .  0 4  8 4  1 . 3 0 5  1 .  8 9 9 xl 0 2 7 7 1 3 9 8 As tronomi cal Almanac ( 1 9 8 4 ) 
S aturn 9 . 5 3 9 0 . 0 5 5 7  2 . 4 8 6 5 . 6 8 4 xl 0 2 6  6 0 3 3 0  {
S tone and Mine r ( 1 9 8 0 )  
_Ande rson e t  al  ( 1 9 8 0 )  
Uranus 1 9 . 1 8  0 .  0 4  7 2  0 . 7 7 1 8 . 7 2 7 xl 0 2 5  2 6 1 4 5 {
Klepc zynski  e t  al  ( 1 9 7 1 )  
E l l io t  e t  al ( 1 9 8 1 ) 
Nep tune 3 0 . 0 6  0 . 0 0 8 6  1 .  7 7 6 l . 0 3 0xl 0 2 6  2 4 7 0 0  {
Klepc zyn sk i e t  a! ( 1 9 7 1 )  
Fre eman and Lynga ( 1 9 7 0 ) 
* Re ferenc e s  apply to the ma s se s  and ra di i . The o rbi tal pa rame te rs  used are the me an el ements 
from the Expl anato ry S upplement to th e As tronomi cal  Ephemeris  ( 1 9 6 1 : pp l l 3 - 1 1 5 ) . 
CX) 
Vl 
elements similar to those of stream meteoroids . Surveys 
of sporadic radio meteors at Jodrell Bank and Kharkov 
have been summarised by Lebedinets ( 1968) and also by 
Hughes ( 19 78 ;  Figure 19 ) .  These surveys include many 
thousands of meteors brighter than + 7  radio magnitude 
( radius � 1 mm ) with minor streams as well as sporadics 
being represented . Of course only meteoroids which cross 
the Earth's orbit are sampled. The majority of orbits are 
of high eccentricity (e  > 0. 7 )  and small perihelion 
distance ( q  < 0 .5 A.U.) with about 60% being prograde 
( i  < 90 ° ) and 40% retrograde . Most semi-major axes are 
between 1 and 5 A.U . but there are an appreciable number 
which cross Jupiter . 
With consideration of the above I selected as test 
orbits several of the streams listed by Cook ( 19 73) . This 
selection was carried out with the intention of covering, 
86 . 
as far as possible , the full range of measured meteor orbits 
without resorting to any 'invented' orbits. Although many 
of the streams of Cook ( 19 73)  have yet to be unequivocally 
confirmed, their use here as characteristic test particles 
gives a valid indication of the dynamical evolution of the 
meteoric complex. 
The 1 2  streams used in Table 1 ( the Halleyids 
comprising two streams, the Eta Aquarids and the Orionids ) 
along with 16 other streams listed by Cook ( 19 7 3) were 
used . The ma j ority of these were listed as maj or meteor 
showers by Hughes ( 19 78 ;  Table 2 )  and also described by 
Lovell ( 19 54 ) and McKinley ( 19 6 1 ) . 
5. 2 RESULTS 
8 7. 
Using 2 8  stream orbits from Cook ( 19 73) as test 
particles, the probabilities of planetary collision, 
deflection and ej ection were calculated using equation ( 7) 
with the relevant cross-se ctions ( chapter 3) . Also found 
were the minimum and maximum relative velocities in all 
possible encounters , the approximate rate of orbital energy 
change ( equation 78) ,  and the mean and root -mean-square 
angular deflections in an encounter ( equations 5 1  and 52) 
The results, using the program given in Appendix 1, are 
listed in Table 3 which covers the next sixteen pages. The 
streams are arranged in order of increasing semi-maj or axis, 
except where there is a special reason to keep two streams 
together on the same page ( e. g . Northern and Southern 
Taurids) . 
I t  must be re-iterated here that the results do not 
apply explicitly to the streams in question with any 
precision. The technique used assumes that the argument 
of perihelion is random, which will not be true for a meteor 
stream unless precession and secular perturbations alter the 
argument of perihelion on a time -scale shorter than the 
stream lifetime. The intention is not to investigate the 
evolutionary changes of the actual streams, only the effects 
of close encounters upon test particles with orbits of size , 
shape and inclination ( a,e ,i) similar to each of the streams. 
TABLE 3 
THE EFFECTS OF CLOSE PLANETARY ENCOUNTERS 
UPON TEST ORBITS 
For each test particle , associated with the name 
of a meteor stream , the following information is given: 
Semi-major axis , eccentricity , 
inclination , period 
Probability ( per year) of 
collision ,  deflection , or 
from Cook ( 1 973) 
e j ection ( PC , PD , PE) for use in equations 
80 and 81 to find 
Minimum and maximum 
encounter velocities. 
( Minus) Fractional orbital 
energy change per year 
Mean and root-mean square 
deflections in degrees at a 
relative velocity mid-way 
between the minimum and 
maximum. 
The total for each of PC , PD and 
PE ove r all of the planets. 
for use in equation 84 
to find T s 
88. 







(per year) of 
Coll ision: 1 .01.E-09 
Deflection: 2. 21E-05 
Ejection: 
Vela:: ity (km/s) 





l . 34E-04 
40 . l  




33 . 5  
34 .8  
1. 36 A.U . 
0. 8960 
23 . 60 degrees 




22 . 2  
28. 9  
JUPITER 
Chao=Je (/yr ) : -7 .28E-13 -l. 36E-10 -2.03E-10 -2. 89E-U 
Defl ection , 
Mean (deg .)  : 
RMS (deg . ) : 
0. 005 
0 . 008 
0 . 027 




0 . 015 
SATURN 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collision Probability 4 .18E-09 per year • 
• " Deflection • 3. 54E-04 " • • 
• Ejection O .  OOE+OO " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 





1. 534 A.U. 
0 . 3520 
8 . 20 degrees 












Chao'Je (/yr ) : 
Deflection , 
Mean (deg .) : 
lffi (deg . ) : 
l. 52E-08 3 .79E-10 
6 . 56E-04 8 . 08E-05 
6 .7  
7 .5  
6 .8  
11. 8 
tl. 24E-07 -4. 30E-ll 
o .  730 
1 . 184 
0. 063 
0 . 110 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collision Probabil ity = 1. 55E-08 per year • 
• • Deflection • 7. 37E-04 " • 












(per year) of 
Coll ision: 2. 28E-09 
Deflection: 5 . 27E-05 
Ejection: 
Vela:: ity (km/s) 
Minimum: 16 . 1  











26 . 5  
27 . 6  
0 . 00 degrees 
2. 02 years 
Ml>.RS 
l. 26E-09 
3 . 34E-04 
18 .8 
24 . 3  
JUPITER 
Cha03e Uyr) :+3. lOE-ll -5. 36E-10 -l. 44E-07 -3 . 45E-ll 
Deflection , 
Mean (deg .) : 
RMS (deg . ) :  
0.020 
0 . 032 
0 . 050 
0 . 083 
0 . 050 
0. 086 
0. 012 
0 . 021 
SAWRN 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total collision Probabil ity = 6. 98E-07 per year • 
• " Deflection " " 8. 94E-02 " " • 
* Ejection " O. OOE+OO " " * 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 





1 . 60 A.U. 
0. 9400 
21 .00 degrees 
2 .02 years 
MEl'ClJRY VENUS FNmi MARS JUPITER SA'IURN 
Probability 
(per year) of 
Coll ision: 8 .82E-10 1. 62E-09 l.OOE-09 l. 24E-10 
Deflection: 1. 93E-05 l. 18E-04 l. 39E-04 3 . 36E-05 
Ejection: 
Vela:: ity (km/s) 
Minimum: 46 . 6  43 . 7  
44. 9  
36 . 7 
37 . 9  
25 . 4  
31 .9  Maximum: 71. 1 
Fr act.Energy 
Change Uyr) : -7. 26E-13 -l. 20E-10 -l. 67E-10 -2. 02E-12 
Deflection , 
Mean (deg .) : 
RMS (deg . ) : 
0. 004 
0 . 006 
0 . 023 
0 .038 
0 . 026 
0 . 046 
0.007 
0 . 012 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total collision Probabil ity = 3 . 63E-09 per year • 
• " Deflection " " 3. lOE-04 " " • 










1. 75 A.U. 
0. 8400 
5 . 00 degrees 
2 .32  years 
MEIOJRY VENUS E1\ImI MARS JUPITER SAruRN 
Probabil ity 
(per year ) of 
Coll isicn: 2 . 68E-09 6. 43E-09 3. 42E-09 4 . 22E-10 
Deflecticn: 5.  73E-05 4. 50E-04 4 .  54E-04 1 . 13E-04 
Ejecticn :  
Velo:: ity (km/s) 
Minimum: 20 . 4  33 . 0  
33.8  
29 . 2  
30 .3  
21. 0  
26. 7  M.axi.rrum: 4 4 . 1  
Fr act . Ene rgy 
Charqe (/yr) :+1. 12E-ll -4. 72E-10 -7. 02E-10 -9 .60E-12 
Deflection, 
Mean (deg .) : 
RMS (deg . ) : 
0. 013 
0 . 021 
0. 040 
0. 067 
0 . 041 




• Total Collisicn Probability = 1 .  30E-08 per year * 
* • Deflecticn • " 1. 07E-03 • " * 
* Ej ecticn O .OOE+OO * 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
Object nane: SClJ'lHER,j IOrA A(UARIDS 
MEOCURY 
Probability 
(per year ) of 
Coll isicn: 2 . 67E-09 
Deflecticn: 5 . 83E-05 
Ejection: 
Semi-major axis 
Ea:ent r icity 
In:: li na ticn 
Period 
Vl:NtJS F.ARlll 
2. 71E-09 1. 56E-09 
1. 95E-04 2 . 13E-04 
2 . 36 A.U .  
0 . 9120 
6 . 90 deg rees 
3 . 6 3 years 
MARS JUPITER 
1. 90E-10 
5 . 13E-05 
SA'IURN 
Veloc ity (km/s) 
Minimum: 32 . 9  38 . 4  
39 . 1  
33 . 7 
34. 9 
25 . 2  
30. 9  M.axi.rrum: 54 .4  
Fr ac t . Energy 
Charqe (/yr ) :+5 . 56E-14 - 2 . SlE-10 -3. 33E-10 -3 . 6 3E-12 
Deflecti on ,  
Mean (deg .) : 
RMS (deg . ) :  
0. 007 
0 . 011 
0 . 029 
0 . 049 
0 .031  
0 . 054 
0 . 007 
0 . 012 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collision Probabil ity 7 . 14E-09 per year • 
• " Deflection 5. l 7E-04 • 









2 . 20 A.U. 
0 . 8500 
6 . 00 degrees 
3. 26 years Pericx:l 
MEICURY vrnt.JS EARnI MAR.5 JUPITER SAWRN 
Probability 
(per year) of 
Collision: l . 98E-09 3. 58E-09 2 .00E-09 2. 39E-10 
Deflecticn : 4 . 49E-05 2 . 49E-04 2. 64E-04 6 . 40E-05 
Ejecticn :  
Velcc ity (km/s) 
Minimum: 15 . 3  31 . 8  
32. 7 
29 . 2  
30 . 2  
22 . 1  
27 . 5  Maximum: 39 .3  
Fr  act. Energy 
Cha!Y:Je Vyr) : t 3 . 3lE-ll -2. 07E-10 -4. 08E-10 -5. 19E-12 
Deflection , 
Mean (deg . ) : 
RM:; (deg . ) :  
0. 018 
0 . 029 
0 . 043 
0. 071 
0 .042 
0 . 072 
0 . 009 
0 . 016 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collisicn Probabil ity = 7. 80E-09 per year * 
• " Deflection = 6. 23E-04 " • 
• Ejecticn O. OOEtOO " " * •••••••••••••••••••••••••••••••••••••••••••••••••••• 
Object naire: ALPIV\ CAPRI(l)RNIDS 
Probability 
(per year ) of 
Collisicn: 
Deflection: 
Ejection :  
Velcc ity (km/s) 
Minimum: 
Maxim.un: 
Fr act.  Energy 
Cha!Y;je (/yr) : 
Defl ection , 
Mean (deg .) : 







2 .53 A.U . 
0 . 7700 
7 .00 degrees 
4 . 02 years 
MAR.5 JUPITER 
2. 97E-09 l. 48E-09 l . 60E-10 
l . 82E-04 l . 81E-04 4 . 23E-05 
20 . 0  
21 . 4  
22 . 4  
23 . 4  
18 . 7 
23 .6  
t2. 09E-09 t2. 94E-ll -3. 69E-12 
0. 103 
0 . 172 
0. 070 
0 . 120 
0 . 012 
0 . 022 
SA'ruRN 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Coll ision Probability = 4 . 62E-09 per year • 
• " Deflection " " 4 . 05E-04 " " • 
* Ejectia, 0 .  OOE+OO " • •••••••••••••••••••••••••••••••••••••••••••••••••••• 
9 2 . 
URANUS NEPT\.NE 
URANUS 
Cbjec t name : l'DRIHEm '1".URI OS 
Seni-major axis = 
MEIOJRY 
Probabil ity 
(per year) of 
Coll ision : 9 . 98E-10 
Deflection: 2 . 48E-05 
Ejection: 
Vela:: ity (km/s) 
Minimum: 17 . 5  
Max im.Jm :  3 5 .  4 
Fract.Erergy 





3 . 70E-04 




5 . llE-04 
29 .0 
30.0 
2 . 59 A.U. 
o. 8610 
2 . 40 degrees 




22 . 6  
27 . 8  
JUPITER 
Change (/yr ) :+2 . 69E-ll -l. 84E-10 -7. 79E-10 -l. 22E-ll 
Defl ection , 
Mean (deg . ) : 
� ( deg . ) : 
0 . 020 
0 .031 
0 . 045 
0 . 075 
0 . 042 
0 . 073 
0 . 009 
0 . 015 
SATURN 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collision Probability z 1 .  08E-08 per year * 
* " Defl ection " " l . 06E-03 " " * 
* Ejection O . OOE+OO * 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 





1 . 93 A .U.  
0. 8060 
5 . 20 degrees 
2 . 68  years 
MEIOJRY Vllll.JS EARnl MARS JUPITER SATURN 
Probabil ity 
(per year ) of 
Collision: l. 69E-09 5. 33E-09 2. 85E-09 3. 40E-10 
Deflection: 4 . 37E-05 3. 64E-04 3 . 69E-04 9 . 05E-05 
Ejection : 
Vela:: ity (km/s) 
Minimum: 16 . 6  28 . 9  
29 . 8  
26 . 9 
27 . 9  
20 . l  
25 . 5  Maximum: 33 . 4  
Fract. Erergy 
Change (/yr ) : + 4 . 28E-ll -l. 69E-10 -5. 59E-10 -8 . 22E-12 
Deflection, 
Mean (deg . ) : 
RM, ( deg . ) : 
0.022 
0 . 035 
0. 051 
0 . 086 
0. 049 
0 . 084 
0 . 011 
0 . 019 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collision Probabil ity = 1. 02E-08 per year * 
* " Deflection " " 8 .  67E-04 " " * 
* Ejection " O . OOE+OO * 
••••••••••••••••••••••••••••••••••••••••••••••• ••••• 
9 3 .  
URANUS NEPnNE 
URANUS NEP'nm 
Object name: OOR'lHEFN DELTA AC{JARIDS 
Probability 







2 . 62 A.U. 
0 . 9700 
20 . 00 degrees 
4 . 24 years 
MARS .n.JPITER SAnJRN 
Collisico: 4 . 42E-10 8 .03E-10 4. 86E-10 5 . 90E-ll l. 19E-07 
Deflectico: 9 . 66E-06 5. 89E-05 6. 84E-05 l . 61E-05 6 . 22E-03 
Ejectico: 4. 71E-07 
Vela:: ity (knV's) 
Minimun: 50.  5 47 . 2  
48 .2  
40 . 2  
41 .4  
29 .6  
35.8 
ll . l  
12 . 1  Maximum: 75 .1  
Fr act.Energy 
Change Vyr )  : -5. 30E-1J -7 . 84E-ll -9. 95E-ll -9. 74E-13 O. OOE+OO 
Deflectico , 
Mean (deg . ) : 
RMS (deg . ) : 
0. 003 
0 . 006 
0. 019 
0 . 033 
0 . 022 
0 . 038 
0 . 005 




• Total Collisico Probability = l. 21E-07 per year • 
• " Deflectico " " 6. 38E-03 " " • 
• Ejectico " 4. 71E-07 • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
Object name: S<lJ'llIEIN DELTA A(XJARIDS 
Semi-major axis 2 . 86 A.U. 
Eccentr icity 0 . 9760 
Irclinatico 27 . 20 degrees 
Per icxl 4 . 84 years 
MEIOJRY VENUS EARrn MARS .n.JPITER SATmN 
Probability 
(per year) of 
Collisico : 2. 92E-10 5. 32E-10 3. 22E-10 3 . 89E-ll 7 . 72E-08 
Deflectico: 6 . 38E-06 3. 91E-05 4 . 55E-05 l . 06E-05 4. 75E-03 
Ejectico: 3 . 88E-07 
Vela::ity (knV's) 
Minimtin: 52 . 8  48 . 7 41 . 4  30 . 6  ll . 2  
Maximum: 78.4 49 . 8  42.7 36.8 13 .6  
Fract. Energy 
Change (/yr ) : -3. 74E-1J -5. 44E-ll -6. 83E-ll -6. 51£-13 -l. 51E-05 
Deflectico , 
Mean (deg .) : 
ru-5 (deg . ) : 
0. 003 
0 . 005 
0 . 018 
0 . 031 
0 . 021 
0 . 036 
0. 005 
0 . 008 
2. 139 
3 . 334 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisico Probability = 7 . 84E-08 per year • 
• " Deflectico " " 4 . 85E-03 " " • 










2 . 63 A.U.  
0 . 9000 
3 .00 degrees 
4 . 27 years 
MEIUJRY VENUS EARffl MARS JUPITER s.a. Tlffi 
Probabil ity 
(per year) of 
Coll is icn: 1 .  25E-09 6. 48E-09 3.0lE-09 4 .0lE-10 l.OlE-06 
Deflecticn: 2. 69E-05 4 . 60E-04 4 . 07E-04 l. 08E-04 3 . 49E-02 
Ejecticn:  3. 39E-06 
Vela: i ty (km/s) 
Minirnun: 25 . 1  35. 9 32 . 2  24 .6  9 . 4  
Maximum: 47 .2  36 .5  33 . 3  30 .1  9 . 7  
Fr act.Energy 
Change Uyr ) :+4. 39E-U -5. 61E-10 -6. 69E-10 -8 . 17E-U O .OOE+OO 
Defl ection , 
Mean (deg .) : 








0 . 013 
3. 536 
5 . 271 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisicn Probabil ity = l .02E-06 per year * 
• " Deflection " " 3. 59E-02 • • * 
• Ejecticn 3 .  39E-06 " * 
••••••••••••••••••••••••••••••••••••• ••••••••••••••• 
Object narre: 'IHEI'A OP!Il1X:IUDS 
Semi-rrajor axis 2. 90 A.U.  
Eccentric ity 0. 8400 
Inclination 4 . 00 degrees 
Per icrl 4 . 94 years 
MEIOJRY VENUS EARffl MARS JUPITER 5.".'ImN 
Probability 
(per year ) of 
Coll isicn : 5. 84E-10 4 . 64E-09 l. 99E-09 2 .  37E-10 9 . 32E-07 
Deflecticn: 1. 83E-05 3 . lOE-04 2 . 56E-04 6 . 33E-05 2. 69E-02 
Ejecticn: 3. 65E-06 
Vela: ity (km/s) 
Minimum: 20 .4  26 .4  26 . 3  21 . 5  7 . 6  
Maximum: 22.6 27 .3  27 .3  26 .5 9 . 4  
Fract.Erergy 
Change (/yr) : O . OOE+OO +6. 55E-10 -2. 71E-10 -5. 30E-U -2. 36E-04 
Defl ection , 
Mean ( deg • ) : 
Rt,6 (deg . ) : 
0 . 030 
0. 047 
0 .061 
0 . 103 
0.051 
0 . 088 
0 . 009 
0. 017 
4. 460 
6 . 501 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collisicn Probability = 9 . 40E-07 per year • 
* " Deflection " " 2. 76E-02 " • • 










2.96 A.U.  
0. 6800 
16 . 00 degree$ 
5 .09 years 
MEICURY VENUS EARIH MARS JUPITER SATURN 
Probability 
(per year) of 
Coll isicn : 
Deflecticn: 
Ejecticn: 




Chan:Je Uyr) : 
Defloctioo , 
Mean (deg .) :  
RM5 (deg . ) : 
l. 24E-09 6 .00E-11 2. 00E-07 
l . 17E-04 l. 54E-05 3 . 53E-03 
3 .  74E-12 3 . 08E-07 
14 . 0  15 .0  6 .7  
15 .0  19 .8  6 .9  
+3. 93E-09 -3. 31E-13 O. OOE+OO 
0. 175 0. 018 7 . 008 
0. 296 0 .032 9. 749 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisicn Probability 2 . 02E-07 per year • 
• " Deflecticn 3. 67E-03 • 
• Ejecticn 3 . 08E-07 • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 





2. 96 A.U. 
0. 6700 
1 3 . 00 degrees 
5 .09 years 
MEICURY VENUS EARIH MARS JUPITER SAWRN 
Probability 
(per year ) of 
Coll isicn : 
Deflecticn: 
Ejec ticn: 




Chan:Je Uyr ) : 
Deflectioo , 
Mean (deg . ) :  
RMS (deg . ) : 
2. 98E-09 7 . 27E-ll 1. 47E-07 
2 . 41E-04 1. 85E-05 2 . 36E-03 
1. 31E-07 
ll . 7 14 . 1  6 . 4  
13 .0  18. 9 6 . 6  
+l. 76E-08 +2 . 26E-13 O . OOF.l+OO 
0 . 241 0 . 020 7 . 643 
0 . 406 0 . 035 10. 533 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisicn Probability 1. 50E-07 per year • 
• " Deflectioo " " 2. 62E-03 " • 
• " Ejecticn l . 31E-07 • • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
9 6 . 
URANUS NE:Pn.NE 
URANUS NEPnm 





3 .08 A.U. 
0 . 6830 
72 . 50 degrees 
5 . 41 years 
MEIUJRY VENUS EARrn Ml'.RS JUPITER SA'IURN 
Probability 
(per year ) of 
Coll isic:n : 
De fl ectic:n: 
Ejectic:n : 




Change Vyr) : 
Defl e:: tion , 
M.ean (deg .) : 
RM5 (deg . ) : 
l. l3E-09 2. 99E-ll 4. 59E-08 
l .  58E-04 8 . lOE-06 3 . 19E-03 
2 . 74E-07 
40 . 7 30 . 2  12 . 8  
41 .6  36 .3  14 . 2  
-2. 56E-10 -5. 30E-13 O . OOE+OO 
0 . 022 0 .005 l. 794 
0 . 037 0 . 009 2. 838 
•••••••••••••••••••••••••••••••••••••••••••• •••••••• 
* Total Collisic:n Probabil ity 4 . 70E-08 per year * 
* Deflection 3. 36E-03 " " * 
* Ejectic:n 2.  74E-07 " * **************************************************** 






0 . 6800 
38 .00 degrees 
5 . 43 years 
Probabil ity 







Fr act .Energy 
Change Vyr ) : 
Defle::tion , 
Mean (deg . ) : 
RM5 (deg . ) :  
M.EIUJRY VENUS EARrn Ml'.RS JUPITER SA'ruRN 
l . 18E-09 3. 24E-ll 9 . 35E-08 
l . 47E-04 8 . 56E-06 3 .03E-03 
4. 64E-07 
23 . 8  20 . l  8 . 4  
24.0 24 . 8  9 . 8  
�5. 17E-ll -6 . 95E-13 o. ooaoo 
0 .064 0. 011 3. 913 
0 . 110 0 . 019 s. 777 
**************************************************** 
* Total Collision Probabil ity 9 . 47E-08 per year * 
* " Deflection 3. 18E-03 " " * 
* Ejection " 4. 64E-07 * **************************************************** 
9 7 . 
URANUS NEP'n.NE 
URANUS NEP'lWE 






0 . 7170 
30 . 70 de<:} rees 
6 . 58 years 
ME!O.JR'i 
Probability 
VEllUS MARS JUPITER 








Chan;je Vyr)  : 
Defle::ticri, 
Mean (de<:} .)  : 
RMS (d0:3 .) : 
9 . 19E-10 2. 92E-ll 5. 51.E-08 
1 . 08E-04 7 . 67E-06 2 . 07E-03 
4 . 86E-ll 4 . 08E-07 
20 . 3  18 . 6  8 .5  
20 . 6  23 . 2  10. 6  
t6. 3 2E-10 -4. 82E-13 -1. 21.E-05 
0 .088 0 .012 3. 559 
0 . 150 0. 022 5 . 301 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisicri Probabil ity 5. 61.E-08 per year • 
• Deflecticri 2 . 18E-03 " • 
• Ejecticri 4. 08E-07 " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 




3 . 53 A.U. 
0 .7600 
13 .00 degrees 
6 . 63 years 
Probabil ity 








Chan;je Vyr )  : 
Defl e::ticri , 
Mean (deg .) : 
R1'6 (deg . ) : 
Per icx:I 
ME!CUR'i VEllUS MARS JUPITER 
6 . 75E-10 5. 33E-ll l. 15E-07 
7 . 19E-05 l . 39E-05 3. 92E-03 
5 . 33E-ll 8 . 33E-07 
16 . 8  16 . 9  8 . 1  
17 . 8  21. 7 10 . l  
+l. 29E-09 -4 . 80E-13 -2. 61E-05 
0 . 123 0. 015 3 . 927 
0 . 209 0 . 026 5 . 795 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Coll isicri Probabil ity = l . 16E-07 per year • 
• " Deflecticri " " 4 . 0lE-03 " " • 
• Ejecticri 8. 33E-07 • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
98. 





3 . 86 A.U.  
0. 7500 
8.00 degrees 
7 . 58 years 
MEIOJRY �s E7\Rlli W\RS JUPITER SA'l'llm 
Probability 








Change (/yr )  : 
Deflection , 
Mean (deg .) : 
RMS (deg . ) :  
1. 95E-09 7 . 58E-ll 1. 33E-07 
1. 57E-04 l. 95E-05 4. 93E-03 
l. 23E-06 
ll . 3  15 .0  8 .5  
12 .9  19 . 8  10 .4  
+l. 89E-08 +l. 30E-U -2. 84E-05 
0. 250 0 .018 3 . 627 
0 . 421 0 . 032 5 . 393 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collision Probabil ity = 1. 35E-07 per year * 
• " Deflection " " 5. llE-03 • " * 
• Ejection " l. 23E-06 " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
Cbject narre: URSIDS 
Prnbabili ty 




Veloc ity (km/s) 
Minimum: 
Max im.lm: 
Fr act. Enec-gy 
Change (/ye-) : 
Defl ection , 
Mean (deg .) : 
RMS (deg . ) :  
ME!OJRY 








34 . 1  
34. 7 
5 . 70 A.U. 
0. 8500 
53 . 60 deg rees 
13. 61 yeac-s 
MARS JUPITER 
9 . 94E-12 5 . 15E-09 
2. 68E-06 5 . 04E-04 
1. 12E-07 
27 .3 14 . 7 
32 . 5  16 .6  
SA'ruRN 
2. 19E-09 
4 . 04E-04 
7 . 76E-09 
7 . 8  
10 .0  
-4.  75E-ll -2. 86E-13 -l. 06E-06 -3. 21E-07 
0. 031 0 .006 1. 337 1. 021 
0 . 054 0 . 011 2 . 164 1. 695 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collision Probability = 7 . 48E-09 pee- year • 
* " Deflection " " 9 . 30E-04 " " • 
• Ejection " 1 .  19E-07 • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
Tf,, I \ G R I\RY 
uN1vrn s 1 1 , er ( · 1 N rt:RBURY 









MEKlJR'i \lfl'WS EARm 
Probability 
(per year ) of 
Collisioo : 7. 96E-10 
Oe flectioo: l . 16E-04 
Ejection: 
Velo:: ity (k!l\/'s) 
Minimum: 69 .3  
Maximum: 71 .1  
Fract.Energy 
ll . 50 A.U.  
0 . 9150 
162 . 60 degrees 
39 . 00 years 
MAR.5 JUPITER 
1. 75E-ll 2. 69E-09 
4. 78E-06 6 . 18E-04 
l . 15E-07 
49 .7  24 . 1  
58 . 5  26 . 2  
SA'ruRN URANUS 
4. 74E-10 3. 99E-ll 
2. 77E-04 1. 31E-04 
4. 58E-09 6. 30E-ll 
15 . 8  8 . 8  
17. 7  10 . 1  
Charge (/yr ) : -3. 13E-10 --4. 98E-13 -l. 05E-06 -7 . 60E-08 -3. 71E-09 
Deflectioo , 
Mean (deg .) : 
Rl-5 (deg . ) : 
0 . 007 1. 86E-03 0 . 520 0. 285 
0. 013 0 . 003 0. 894 0 . 5ll 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
* Total Collisioo Probability = 4 .  02E-09 per year * 
* " Deflection " " l. 15E-03 " " * 






Object name: F!I'A .AC(JARIDS 
MEIOJRY 
Probability 












2. 59E-10 l. 07E-10 
l. 95E-05 1. 58E-05 
79 . 4  65 . 2  
8 1 . 3  67 .0  
13 . 00 A.U.  
0. 9580 
163. 50 degrees 
46 . 87 years 
MARS JUPITER 
1.06E-ll 2 . 23E-09 
2.91E-06 4 . 84E-04 
l.35E-07 
47 . 3  23 . 3  
55 ,5  25 . 4  
SA� URANUS 
3. 86E-10 2 . 41.E-ll 
2 , 19E-04 8 . llE-05 
5. lOE-09 5. 49E-ll 
15 . 6  9 .0  
17  . 4  10 . 2  
Fr act .Energy 
Char.;ie Vyr ) :  -6 . lJE-ll -5. 29E-ll -3, 70E-13 -9 .57E-07 -6. 74E-08 -2, 33E-09 
oeflectioo , 
Mean (deg .) : 
Rl-15 (d03 . ) : 
0. 007 0 .008 0 .002 0. 554 0. 296 
0. 012 0 .015 0 , 004 0 .950 0. 530 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisioo Probability = 3. 0lE-09 per year • 
• " Deflectioo " • 8 . 23E-04 " " • 
• Ejectioo " 1 . 41.E-07 • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 





15 . 10 A.U,  
0.  9620 
16 3. 90 degrees 
58 . 68 years 
ME!OJRY VfNUS EARm MARS JUPITER SA'IURN 
Probabil ity 
(per year J of 
Collisioo : 2. 32E-10 9 ,09E-ll 8 .  79E-12 1. 78E-09 3. 00E-10 
Deflectioo: 1. 75E-05 1 .  34E-05 2. 42E-06 3 . 94E-04 l. 76E-04 
Ejectioo: 1. 41.E-07 5. 17E-09 
Vela::: ity(km/s) 
Minim1J11: 80 .0  65 . 6  47 . 6  23 . 6  15 . 9  
Max imum: 81. 9 67 . 4  55. 8 25.7 17 .7  
Fract .Erergy 
0. 125 





9 . 5  
10. 7  
Char,;ie Vyr) : -6. 30E-ll -5. 15E-ll -3, 52E-13 -8, 73E-07 -5. 89E-08 -l . 60E-09 
Defl ectioo , 
Mean (deg .) : 
Rf,6 (d03 . ) : 
0 .007 0 .008 0 . 002 0 . 542 0 . 284 
O . Oll 0 . 014 0 . 004 0. 930 0 . 510 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collisioo Probability = 2 . 44E-09 per year • 
• " Deflectioo " " = 7 . 15E-04 " " • 
• Ejectioo " l . 46E-07 " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
0 . 112 
0 . 215 




5 . 29E-05 
4. 23E-ll 
6 . 4  
6 . 5  
O .OOE+OO 
0 . 196 
0 . 369 





MEICURY VENUS ElUIDi 
Probability 
(per year) of 
Coll ision: 7 . 08E-ll 
Deflection: l .02E-05 
Ejection: 7. 79E-ll 
Vela: ity (km/s) 
Minirnll'11: 59 .6 
M.3ximum: 61.1  
Fr act . Energy 
28 .00 A.U . 
o. 9650 
113 . 80 degrees 
148 . 16 years 
MARS JUPITER 
l. 28E-U 2. 18E-10 
3 . 49E-07 4 . 55E-05 
6 .45E-08 
43 . 7  22 .7  
51 . 5  24 . 8  
SATURN mwms NEPTrnE 
3. 31E-ll l . 35E-12 1. lOE-U 
l . 94E-05 5 . 62E-06 6 .7BE-06 
2. 03E-09 1. 54E-ll l . 26E-ll 
15 . 9  10 . 4  7 . 8  
17 . 7  11 .4  8 . 0  
Change {/yr ) : -8. 30E-ll -l. 05E-13 -l. 84E-07 -l.07E-08 -l . 95E-10 -2. 67E-10 
Deflection , 
Mean (deg . ) : 
RMS (deg . ) : 
0. 010 0 . 002 0 .581 0 . 285 
0 . 017 0. 004 0. 994 0 . 510 
•••••••••••••••••••••••••••••••••••••••••••• •••••••• 
• Total Collision Probability = 3 . 26E-10 per year • 
• " Deflection " 11 8. 79E-05 " " • 
• Ejection 6 .  67E-08 " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
Cbject name: APRIL LYRIDS 




28 .00 A.U.  
0. 9680 
79 .00 degrees 
148. 16 years 
MEICUR'i VENUS FARm MARS JUPITER SA'ruRN 
Probability 
(per year) of 
Collision: l. 49E-ll 8 , 99E-13 2. 21E-10 3. 27E-ll 
Deflection: 2 . 12E-06 2 . 45E-07 3. 72E-05 l . 63E-05 
Ejection : 6 .28E-ll 8 . 44E-08 2 .44E-09 
Veloc ity (km/s) 
Minirnun: 46 . 3  35 . 5  20 . 1  14 .4  
Max ilrum: 47 .2  41 .7  22 .0  16 . l  
Fr act. Energy 
0 . 096 0 . 130 
0. 185 0 . 250 
URNIDS NEP'n.NE 
l. 31E-12 l . 08E-12 
4 . 83E-06 5, 85E-06 
1. 72E-ll l . 35E-ll 
9 . 6  7 . 2  
10. 6  7 . 5  
Change {/yr) : -2. 28E-ll -9. 30E-14 -1. 70E-07 -l . OlE-08 -l. B8E-10 -2. 64E-10 
Deflection , 
Mean {deg . ) : 
!ff, {deg . ) : 
0.017 0. 004 0 . 741 0. 345 
0 . 029 0 . 006 1 . 249 0. 612 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collision Probability = 2. 71E-10 per year • 
• " Deflection " " 6. 66E-05 11 " • 
• Ejection " 8 . 69E-08 " • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
0. 112 0 . 151 
0 . 215 0 . 289 
1 02 .  
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Object nane: r-lNXEIOl'IDS 
Semi-major axis 42 ,00 A.U. 
Eccentric ity 0. 9970 
Irclination 24 . 80 degrees 
Perioo 272 , 19 years 
ME!OJRY vrnus FARill MARS JUPITER SA'ruRN URANUS NEP'n.NE 
Probabil ity 
(per year ) of 
Collision: 5, 55E-12 9 .91E-12 5, 93E-12 7 .06E-13 2 . 57E-10 3. 85E-ll l. 47E-12 l. 07E-12 
Deflection: l . 21E-07 7 . 28E-07 8 , 39E-07 1. 93E-07 4 . 16E-05 l. 91E-05 5.67E-06 6. 61E-06 
Ejection: 9 . 97E-13 l .09E-10 7 . 80E-ll l. 28E-13 2. 17E-07 6 . 42E-09 4 ,  27E-ll 2 . 91E-ll 
Velo:: ity (km/s) 
Miniml.Dll: 48 .0  47 .8  42 . 2  33 . 2  19 . 7  14 , 5  9 . 9  7 . 8  
MaximlDll: 71. 9 49 ,0 43 .4  39 .0 21.4 16 .0  10. 9 8 . 0  
Fract.Energy 
Change Vyr )  : -8 ,52E-14 -l . 20E-ll -l. 40E-ll -l. 13E-13 -2. 79E-07 -l . 66E-08 -2. 81E-10 -3, 27E-10 
Deflection , 
Mean (deg . ) : 
� (deg , ) :  
0. 004 0. 019 0. 020 0. 004 o. 776 0. 347 
0 . 006 0 .032 0. 035 0 . 007 1. 303 0. 616 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
• Total Collision Probabil ity = 3 . 20E-10 per year • 
• " Deflection • " = 7 .  49E-05 • • • 
• Ejection = 2. 23E-07 • • 
•••••••••••••••••••••••••••••••••••••••••••••••••••• 
0. 106 0 . 131 
0 . 203 0 . 252 
5. 3 DISCUSSION 
1 0 4 .  
A few pertinent remarks upon the contents of Table 3 
can be made here. 
( a )  No ej ecti on is possible for any o f  the test parti cles 
unless the orbit crosses Jupiter : this requires a 
semi-major axis of at least 2 . 5 A . U .  
( b )  The terrestrial planets can eject meteors from the 
solar system but a high initial orbital energy is 
required. Advancing through Table 3 the first 
meteoro id which can be e j ected by any of the four 
inner planets is that in the orbit of the December 
Phoenicids - Branch A ( a � 3 A . U . ) . Only a highly 
energetic meteor can be ejected by Mars or Mercury 
(e . g . a Monocerotid meteor) . 
( c )  As soon as ej ection i s  possible, i t  dominates planetary 
collisions. The only meteoro id to have PC > PE 
( for PE f 0 )  is that in the orbit of the December 
Phoenicids - Branch B .  
( d ) For several of the meteors the fractional orb ital 
energy change is listed as zero even though an 
encounter is possible ( e . g .  Virginids and Jupiter, 
Theta Ophiuchids and Mercury ) . This is because the 
meteoroi d ' s perihelion or aphelion does not cross 
the planet ' s  semi-maj or axis, negating the method 
described in 3 . 6 as was noted at the end of that section. 
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(e ) The deflections produced by the terrestrial planets 
are small, being much less than one degree except 
in the few cases where the encounter velocity is 
small (e.g. for the 'toroidal' Camelopardalids ) .  
A close approach would therefore tend to broaden 
a stream rather than scatter the meteors into 
widely different orbits. 
( f) The deflections produced by Jupiter are much higher, 
being of the order of a degree or more. Thus it is 
apparent from only a cursory inspection that Jupiter, 
aided by the other giant planets, is responsible for 
such disruption of streams into sporadic meteors as 
occurs as a result of planetary close encounters. 
This is discussed in more detail in chapter 6. 
( g )  The energy changes deduced are mostly negative, 
although caution must be applied due to the 
rudimentary assumptions made in deriving equation 
78. This clearly shows that the overall effect of 
close encounters is to reduce the size of the meteor 
orbits, as is to be expected from the work which has 
been done on the evolution of cometary orbits ( e.g. 
Yabushita, 1983, for a review ) .  
Of much more importance than the brief notes above is the 
fol lowing, wh ich is one rationale for an approach using many 
distinct test particle orbits. Weidenschilling ( 19 75a) and 
also Fernandez ( 19 78 )  both used an expression equivalent 
to my equation ( 64 )  for the ejection probability per 
encounter, but with an assumed distribution of encounter 
angle of the form 
sin E 
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i . e . all orientations of the incoming relative velocity 
vector are equally likely except that the loss cone ( E  < Ec) 
is excluded. This leads to a major overestimate by both 
Weidenschilling and Fernandez of the ejection probability 
since there are then many particles with encounter angle 
E only slightly greater than the critical angle E , so that 
C 
a very small deflection is capable of ejecting the particle. 
The average ejection probability at any particular encounter 
is therefore greatly enhanced on account of the assumed 
encounter-angle distribution . Using this type of distribution 
they found ( Weidenschilling, 1 9 75 a: Figures 4 and 5 ;  Fernandez, 
19 78: Fi gure 3 )  : 
,:,:,! 1 
( Giant Planets ) 
( Venus, Earth, Mars) 
( Mercury) 
Both authors noted that the distribution used is unreasonable 
since rapid ej ection of particles with E close to E would 
C 
be expected, with replenishment due to gradual diffusive 
changes in E as a result of other close encounters . The 
above values for ( PE/PC) should therefore represent upper 
limits . 
10 7 . 
This surmise is entirely borne o ut by a consi deration 
of Table 3. Except for the two branches of the December 
Phoenicids which have extremely low ejection probabilities, 
whenever e jection by Jup iter is possible, (PE/PC) > 3 .  
This figure occurs for the Virginids ( a = 2 . 6 3  A . U. ) , and 
( PE/PC) increases to become greater than 1 0  for the Ursids 
( a = 5 . 5  A . U.),  and greater than 1 0 0  for the Perseids and 
April Lyrids ( a = 2 8  A . U. ) . The ratio only approaches 1 0 0 0  
for the Monoceroti ds ( a = 4 2  A . U. ) . 
The above fi gures were all referred to Jupiter . 
Fo r the Earth , whenever ejection is possible from the 
smaller meteor orbits (e . g . October Draconids, Andromedids, 
Ursi ds) , the ratio ( PE/Pc) is of the order of 0 . 1 . The 
fi gure becomes greater than 1 for the larger orbits (Perseids, 
April Lyrids) , and for the Monocerotids the following are 
derived 
( PE/PC) 
� 0 . 2  ( Mercury , Mars) 
� 1 2  ( Venus, Earth) 
� 8 5 0  ( Jupiter) 
� 1 7 0  ( Saturn) 
� 30  ( Uranus, Neptune) 
These figures are comparable with those of We idenschilling 
( 1 975a) for Mercury , Venus , Jupiter and the Earth , but are 
lower for the other four planets. However, the above are 
for just one test orbit, and the untenable distribution 
used in the published work leads to an overestimate of 
the importance of ejections. Therefore there is no cause 
to doubt the validity of the results of Table 3. 
This chapter has given the results of applying the 
close encounter theory expostulated earlier in this thesis 
to a number of test particles in orbits similar to known 
meteor streams. In chapter 6 the appropriate time-scales 
based upon these results are calculated. 
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CHAPTER 6 
COMPARISON OF THE VARIOUS METEOROID LIFETIMES 
6. 1 PRESENTATION OF THE DATA 
Following on from the results o f  chapter 5, the 
lifetimes of interest can now be calculated for the 28 
stream orbits. Us ing the probabili ties listed in Table 
3 the li fetime against los s due to planetary colli s ion 
or ej ection ( 1 L ) can be calculated vi a equation ( 81 ) ,  and 
similarly the lifetime agai nst any close encounter ( 1 0) .  
The time-scale for s poradi c production by ac cumulated 
deflections ( 1 A) i s  found from equation ( 83 )  us ing P0 
and x
RMS ' and the rate of energy change i s  used to find 
an alternate time- scale for sporadic production ( 1s ) from 
equation ( 84 ) . Those ti me- s cales noted so far apply to 
any test parti cle ( asteroid, comet, meteoroid)  and are 
si ze- independent. 
Us ing an as sumed radi us of 1 mm the Poynting­
Robertson li fetime ( TPR) i s  deri ved from equation ( 8 7 ) ;  
also us ing thi s  radi us the li fetime against catas trophi c 
colli sions with other parti cles, mainly smaller zodi acal 
cloud grains,  i s  calculated ( 1 2 : equat ion 91 ) .  Reference 
to equations ( 87, 9 1 )  shows that for a 100 µm meteoro id 
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1 P R  i s  ten times  shor ter an d 1 2 fi ve times longer than for 
the assumed 1 mm meteoro id. Similarly for a 1 cm meteoro id 
TPR i s  te n ti mes longer , 1 2 twenty times longer. 
For each of the 28 stream orbits the lifetimes 
are listed in Table 4 ;  ' s is not avail able for several 
of these, as no ted in section 5 . 3. I t  shoul d  be remembered 
that these are general ly in order of increasing semi-major 
axis. For an easier comparison of the data, the lifetimes 
are plo tted in Figure 6 against the stream number ( 1  to 
28 from Table  4 ) : ' D is excluded since it is of  little 




The deductions which can be made from Figure 6 are 
fairly obvious, and few corrunents are needed. Brief ly, these 
are as fol lows : 
( a ) For those orbits which do no t cross Jupi ter ( streams 
1-10 ) ,  the evol ution o f  l rrun meteors is dominated by 
col lisions with zodiacal cloud particles which occur 
on a time-scale - 10 5 years. For 100 µm meteors 
the roles are reversed and ' PR < ' z ; thus the meteoroid 
wil l spiral in a considerable distance towards the 
sun be fore being struck down. For a l  cm meteor 
' PR and ' z wil l  be comparable, and on average some 
shrinkage of i ts orbi t wi l l  occur before an eventual 
fate in a col lision . 
( b )  Sporadic meteor production by terrestrial pl anet 
encoun ters is insigni fican t, occuring on a time-
scale 'A' ' s > 100 ' z · Such stream disruption in 
the inner sol ar system as produces sporadic meteors 
therefore must be a resul t of  in ter-particle co l lisions. 
1 1 1 .  
TAB LE 4 :  Life times for various stream orb i ts 
Number Stream Name T L TD T S TA T z TPR 
(All li fet imes in years) 
1 Gani nids 2. 4EB 2 . BE3 7 . 3EB l. 3EB 6 . 4E4 1 . 0ES 
2 Carre lo par da lids 6 . 5E7 l . 4E3 2 .0E6 l . lES 7 . 6E4 2 . 3E6 
3 Daytime Zeta Perse ids l. 4E6 l. lEl 1. 7E6 1. 5E5 8 . 1E4 4 . 3E5 
4 Daytime Ari etids 2. BE8 3 . 2E3 8 . 7EB 2 . lEB B . 1E4 6 . 2E4 
5 Northern Iota Aquar ids 7 . 7E7 9 . 3E2 2. lEB 2. 3E7 9 . 3E4 3. 3E5 
6 Soothern Iota Aquarids l . 4E8 l. 9E3 4 . 3E8 9 . 1E7 l . SES 2 . 4E5 
7 Daytime Beta Taur ids 1 . 3EB 1. 6E3 3 . BE8 3. 7E7 l. 3E5 4 . BES 
8 Alpha Capricornids 2 . 2E8 2 . 5E3 l . 2E8 l . 2E7 l . 6E5 l . 2E6 
9 Nor thern Taur ids 9 . 3E7 9 . 4E2 2. 5E8 2. 1E7 1. 7E5 5. 9E5 
10 Southern Taurids 9 . BE7 l . 2E3 3 . 2E8 l. 9E7 l . 1E5 5 . SES 
11 Northern Delta Aquar ids 1. 7E6 l. 6E2 l. 1E3 1. 7E5 5. BE4 
12 Soothern Del ta Aquarids 2 . 1E6 2 . 1E2 l .7E4 l . 9E3 l. 9E5 4. 9E4 
13 Virginids 2. 3E5 2. BEl l . OE2 1. 7E5 3 . 6E5 
14 Theta Opiiucnids 2 . 2E5 3 . 6El l . 1E3 8 . BEl 2 . 0ES 9 . 2E5 
15 December Proenicids A 2. 0E6 2. 7E2 3 . 0E2 2. 0ES 2. 9E6 
16 December Proenicids B 3 . 6E6 3. 8E2 3. BE2 2 .0E5 3 . 0E6 
17 ().Jadr anti ds 3 . 1E6 3 . 0E2 3 . 9E3 2 . 2E5 3 . 1E6 
18 Kappa Cygn.ids l. 8E6 3 . 1E2 9 . 9E2 2 . 2E5 3 . 1E6 
19 Cx:tober Dr aeon ids 2. 2E6 4 . 6E2 2 . 1E4 l. 7E3 2. 6E5 3 . 3E6 
20 Andranedids l . 1E6 2 . 5E2 9 . 6E3 7 . 6E2 2. 7E5 2 . 6E6 
21 Pegasids 7 . 3E5 2. 0E2 8 . BE.3 7. 0E2 3 . 0ES 3. 3E6 
22 Ursids 7 . 9E6 l . 1E3 l .8E5 2. 8E4 5 . 4ES 3 . 2E6 
23 Leonids 8 .1E6 8 . 7E2 2. 2E5 1. 7E5 l. 6E6 5. 4E6 
24 Eta Aquarids 6 . 9E6 l . 2E3 2 . 4E5 2 . 0ES l. 9E6 2 . 4E6 
25 Or icn ids 6. 7E6 l. 4E3 2. 7E5 2. 5E5 2 . 3E6 2. 7E6 
26 Perseids l . 5E7 l . 1E4 l . 3E6 2 . 0E6 5. 9E6 8 . 3E6 
27 April Lyr ids l. 1E7 l. 5E4 l. 4E6 l. 5E6 5 . 9E6 7 . 2E6 
28 Mo�erotids 4 . 5E6 l . 3E4 8 . 5E5 2 . 5E6 l . 1E7 4 . 6E5 
FIGURE 6 
Lifetimes for various stream orbits 
The following five l ifeti mes are plotted against 
stream number ( 1  to 28, taken from the sequence in Tables 
3 and 4 )  : 
1 1 2 .  
T L ( denoted L ) :  the ti me-scale for loss due to planetary 
coll ision or ejection from the sol ar 
system, equation 81 . 
T s ( denoted S ) : 
T A ( denoted A )  
T z ( denoted Z ) : 
TPR ( denoted P )  
the ti me-scale for sporadi c  production 
using equation 84. 
The time -scale for sporadic production 
using equation 83. 
the l ifetime against inter -particle 
col l isions for a 1 mm meteoroid from 
equation 91. 
the Poynting -Robertson l ifeti me from 
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( c )  Loss of meteoroids due to planetary collisions occurs 
much more slowly than loss due to interparticle 
collisions, since T L - 10
3 T Z ; T L is purely a result 
of collisions since no ejection is possible by the 
terrestrial planets ( Table 3) . 
(d )  As soon as the orbit under consideration is Jupiter-
crossing (streams 1 1 -2 8) ,  sporadic meteor production 
( TA or TS ) occurs much faster than any of the loss 
mechanisms . 
( e )  For the larger orbits the most important loss 
mechanism is still catastrophic collisions . ( Since the 
ma jority of these collisions occur within l A . U . ,  
this comment would not necessarily apply to a 
stream which had perihelion outside of the Earth ' s  
orbit: naturally such a stream is not observable by 
ground-based meteor techniques ) .  An exception could 
be the smallest meteoroids ( radius 100 µm)  in the 
largest orbits ( a > 10 A . U . ) ,  for which TPR < T z · 
( f )  For those orbits which cross the giant planets, the 
loss rate for particles larger than l mm due to 
collisions and ejections in planetary encounters is 
comparable to that due to Poynting-Robertson drag . 
The Poynting-Robertson drag would be dominant for 
smaller meteoroids . 
( g ) Stream orbits 1 1  to 2 1  produce sporadic meteors on a 
time-scale of the order of 10 3 years . These orbits 
have semi-maj or axes ranging from 2 . 6 to 3 . 9  A . U .  
All cross Jupiter, but with a low relative velocity 
so that the angul ar deflection of the meteoroid is 
large: this, along with the short periods of such 
orbits, causes the stream dispersal into sporadic 
orbits on such a short time-scale. 
( h) Some idea of the shower-to-sporadic ratio can be 
gained from Figure 6. For streams 13 to 21, 
T A - 10
3 years and T L - 10
6 years . The size­
dependant loss times are: 
100 -µm T z - 10 
6 
T PR - 10
5 
1 mm T z - 10
5 
T PR - 10
6 
1 cm T z - 10
6 








( =  100 TA ) 
( =  100 T A) 
( =  1000 TA) 
Therefore it appears that sporadic production from 
such streams occurs about a hundred times faster 
than losses for the smaller meteoroids , but a 
thousand times faster for 1 cm bodies. This is 
not reconcilable with the observational evidence 
which shows about 50% of ( - 1 cm) photographic 
meteors to be stream members , but 25% or less of 
1 1 5 .  
( - 1 mm ) radar meteors (Sekanina , 19 77 ) , indicating 
that some other factor must be removing larger 
meteoroids. 
6. 3 SUMrl'iARY 
It has been shown that meteor streams with orbits 
similar to short-period comets ( a < 5 A.U., e > 0 . 7, low 
inclination : streams 13 to 21 ) can produce sporadic meteors 
a s  a result of close encounters with Jupiter at a rate two 
orders of magnitude faster than they are removed from the 
interpl anetary complex . This i s  con sistent with the fact 
that the majority of streams have orbits similar to short­
period comets , but the maj ority of sporadic meteors have 
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orbits o f  semi-random eccentricity and perihelion distance, and 
random inclination well  away f rom the ecliptic ( Lebedinets , 
1 968 ;  Hughes, 1978 ) . Such a distribution would be expected 
as a result o f  planetary close-encounters, whereas inter­
particle col lision s woul d  tend to decrease inclinations and 
eccentricities . Al though after a defl ection by Jupiter a 
sporadic meteor remains in an orbit cros sing that pl anet, 
other in fluences ( Poynting-Robertson, erosional impacts ) 
would cause it to lose orbital energy until its aphelion 
distance was within 5 A. U.  It would then remain a member 
of the sporadic complex on a relatively constant orbit unti l 
lost in a catastrophic collision . Catastrophic col lision s 
with zodiacal cloud particles occur on a time-scale of � 1 0 5 
years and so do not make a l arge contribution to sporadic 
production; erosive col lision s with much smal ler particl e s  
( radius - 1 0  wm)  resulting i n  smal l changes in the orbit o f  
the meteoroid woul d occur on a shorter time-base and could 
be of  some signi ficance . 
CHAPTER 7 
APPLICATION TO OTH ER SOLAR SYSTEM SCENARIOS 
7 . 1  INTRODUCTION 
Since the theory of chapters 2 and 3 is applicable 
to any orbit where the particle mass and radius is much 
smaller than those of the scattering planet, it is of 
interest to apply this theory to various solar system 
objects . Such objects include known comets and asteroids, 
and also Pluto which crosses the orbit of Neptune ( the 
mass of Neptune is about 5 0 0 0  times that of Pluto ) . 
In this chapter I apply the close encounter theory 
to a number of asteroids , and to Pluto, but do not con­
sider any comets (i . e .  high eccentricity test orbits ) 
because this has effectively been accomplished by the 
preceding chapters : half of the 2 8  chosen meteor streams 
have well-known parent comets moving in similar orbits . 
For example ( Drummond, 1 981 ) :  
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Encke ( 1 97 1  II ) : Beta Taurids, N .  Taurids , 
S. Taurids 
Blanpain ( 1 81 9  I V ) : December Phoenicids 
Giacobini- Zinner ( 1 94 6  V ) : October Draconids 
Biela ( 1 852 I II ) : Andromedids (Bielids ) 
Tempel-Tuttle ( 1 96 5  IV )  Leonids 
Halley ( 1 835 II I ) : Eta Aquarids, Orionids 
( Halleyids ) 
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In addition , a small asteroid has recently been 
discovered in the orbit of the Geminids ( H ughes, 198 3; 
Fox et al, 1984 ) .  By implication this is the expended core 
of the Geminid parent comet, and also strongly indicates 
comets to be the progenitors of the Apollo-Amor-Aten 
asteroids. Recent reviews of the dynamics of  asteroids 
and their relationship to comets have been by Kresak ( 1979; 
1980; 1984 ) .  
In the next two sections I consider those peculiar 
asteroids in orbits which cross the giant planets. In 
section 7. 4 the case o f  Pluto is investigated. A steroid 
collision rates with each of  the terrestrial planets are 
evaluated in Appendix 2 .  
7. 2 HIDALGO A ND CHIRON 
7. 2. 1 Previous Work 
Two large bodies are known to cross the orbits of the 
giant planets : (94 4 )  Hidalgo and ( 20GO )  Chiron . A lthough 
nominally classed as asteroids, hence their numbering as 
minor planets, in many ways the two are cometary in nature 
( Kresak , 1979; Marsden , 1980) . 
By assuming a low, asteroidal , albedo for H idalgo a 
diameter ranging from 39 to 60 kilometres results ( Kresak , 
1979; Degewij and van Houten , 1979) . Chiron is one of the 
eight largest known asteroidal bodies : an albedo of 0. 5 
would give it a diameter of 100 kilometres, but a more 
likely albedo of 0. 05 renders a diameter of  3 2 0  kilometres 
( Kowal , 1 979). Hartmann et al ( 1 981 )  find a diameter in 
the range 31 0 to 4 0 0  kilometers . It is possible that 
Chiron is simil ar in nature to Phoebe , S aturn 's outer moon 
( Kowal et al , 1 979; Hartman et al, 1 981 ) .  
Many o ther asteroids are known to have aphelia at 
or beyond the orbit of Jupiter , such as the Trojan and 
Hilda families . However , stable resonances and libra tions 
prevent their close approach to the planet ( Kresak, 1 979) , 
so that a col lision or severe perturbation is not possible . 
Since Hidalgo crosses both Jupiter and Saturn , and Chiron 
crosses both Saturn and Uranus , no such stability is 
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possible : their orbits have been described as being ' chao tic ', 
with an eventual fate of collision with a pl anet or ejection 
from the solar system ( Marsden , 1 970; Kowal , 1 979; Kowal 
et al , 1 979; Oikawa and Everhart , 1 979; Everhart , 1 979; 
Scholl , 1 979) . 
Hidal go and Chiron are therefore only temporary 
occupants of their present orbits , with a lifetime measured 
in units of only 1 0 4 or 1 0 5 years ( Marsden , 1 980 ) . Chiron 's 
origin might lie in the asteroid bel t ,  having been thrown 
outwards by approaches to Jupiter , or it may be gradual ly 
moving inwards from the outer reaches of the so lar system 
( Smith , 1 978, 1 980 ; Kowal , 1 979) . A similar career might 
be postulated for Hidalgo. 
There are a variety of ways in which the possible 
orbital e volution of these bodies can be investigated. 
Their osculating elements are well known ( Hidalgo was 
discovered in 1 920 , and although Chiron was no t identified 
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unti l  19 77, pre - discovery positions back to 1895 are known) . 
The resi duals from their expected positions have been used 
to determine the masses of Saturn and Uranus ( Landgraf , 
1983) . By performing numerical integrations of the actual 
orbits over a period of about 1 5 , 000 years, Oikawa and 
Everhart ( 19 79 ;  see also Everhart, 1 9 79) found numerous 
close approaches of Chi ron to both Saturn and Uranus. They 
found that there was a 1 in 8 chance that Saturn would 
eject Chiron from the solar system within - 3 x 106 years ; 
otherwise the orbital evolution would be inwards , most 
probably to interact with Jupi ter. Similar ( but not 
i dentical ) results were found in this way by Scholl ( 19 79) : 
exact agreement would not be expected , this technique being 
only of statistical si gnif icance. 
Arnold ( 196 5 ) used a Monte Carlo si mulation based 
upon the encounter probability equations of Opik ( 1951) to 
investi gate the possible orbital evolution of H i dalgo. By 
following the paths of 5 00 objects with initial elements 
simi lar to those of H idalgo, Arnold found a 73% probabili ty 
of ejection by Jupi ter, 5%  for ejection by Saturn , and a 
single capture by Jupiter. The remaining bodies were thrown 
into orbits of small perihelion distance. The median lifeti me 
of these H idalgo -like objects before severe perturbation was 
- 3 x 105 years, although A rnold noted a large spread. 
Arnold's method ( 1964 ; 1965 ; see Dohnanyi ,  19 78 for an 
expl icit description ) consisted of a series of steps in 
whi ch a random choice was made between possible planetary 
encounters, and the precise geometry of the encounter. The 
changed orbit  thus produced was then used as a new ini tial 
orbit, and the ob j ect followed until its eventual fate. 
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This method was developed in order to investi gate the origin 
of large meteorites, and is superior in some ways to the 
technique used here since it allows for the gradual 
evolut ion of the particle orbit. However, to get a statis­
tically valid result, a large nwnber of test parti cles must 
be run in Arnol d ' s method, entai l ing consi derable computation 
time. 
The case of Hi dalgo was investi gated by Opi k (1963 )  
using a probabilistic method similar to that used here. He 
found a li fetime of 2 . 3 x 10 6 years for phys ical loss of 
the astero id either by planetary collision or by ej ection 
from the solar system . It has been shown ( Weidenschilling, 
. . 
19 75a)  that Opik ' s  expression for the e j ection probability 
was incorrect ; however a lifetime of this order may be 
expected. 
7.2. 2 Present Results 
Using the orb ital elements of Hidalgo and Chiron 
from the TRI AD file ( Bender, 19 79 ) the results obtained, 
by means of the techniques detailed in Chapters 2 and 3, 
are shown in Table 5. 
The time between planetary encounters by Hi dalgo 
is T D = 10
3 years, each encounter producing a deflection 
of a few de grees; it therefore has a rapidly evolving orbit. 
Its lifetime against collision or ej ection is 1 L = 4 x 10
6 
years, or about one-thousandth of the age of the solar 
1 22. 
TABLE 5 :  CLOSE ENCOUNTE RS BY H IDALGO AND CHIRON TO THE 
GIANT PLANETS 
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Defl ection , 
Mean (deg .) : 
RMS (deg .) : 
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0 . 6565 
42. 40 degrees 
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6 . 00E -04 4 . 62E -04 
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2. 056 




13 . 70 A.U . 
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2. 3 
3 .8  
1. 6 
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system :  thus it is untenable that Hidalgo originate d in 
this region. TL is dominate d by the probability of e j ection 
by Jupiter ,  this being about 1 7  times more likely than 
Saturn e j ection. This figure is in line with Arnold's 
( 1 96 5 )  value of 15 : 1. Based upon its present orbit , the 
rate of orbital energy change due to close encounters 
shows that Hidalgo should gradually move outwards on a 
time -scale of 1 05 - 106 years. 
Chiron cannot be e j ecte d in the present epoch since 
its relative velocity in an encounter with either Saturn 
or Uranus is !..: less than ( 2 2 - 1 )  times the circular orbit 
velocity. The loss lifetime is hence due only to collisions, 
and is substantial ( T L � 6 x 10
7 years) . The time between 
encounters is T D � 2 x 1 0
3 years , confirming the results of 
Oikawa and Everhart ( 19 79) and Scholl ( 19 79) . The de flections 
produced are so high that Chiron would rapidly attain an 
orbit for which the e jection probability was no longer zero ; 
even if this were not so it is highly unlikely that an 
orbit such as Chiron's could have avoide d a collision with 
Saturn over the age of the solar system. The indication from 
the orbital energy change is that Chiron should gradually 
decrease its semi-maj or axis , as found by Oikawa and Everhart 
( 19 79) and Scholl ( 1 9 79) . 
The overall pi cture is there fore of Hidalgo and 
Chiron being transient phenomena in the outer solar system. 
The pai r may be indicati ve of  the larger bodies in a 
populati on of asteroidal ob j ects which exist in that region , 
or  they may be examples o f  huge extinct comets although , as 
discussed by Kresak ( 1 9 79) , for the case of Chiron ' s  orbit 
it would never have been sufficiently close to the Sun to 
have been active . Their relationship to the satellites of 
the outer planets is also of interest. An alternative 
scenario (Smith, 1 9 78 ;  1980) is that these are perhaps 
asteroidal bodies which have been thrown outwards from 
the asteroid belt. 
7. 3 OTHER ASTERO IDS WH ICH CROSS THE GIANT PLA NETS 
1 24. 
In addition to Hidalgo and Chiron, four smaller 
asteroids are known whose orbits are thought to cross one 
of the giant planets without bei�g protected from close 
approach by a commensurability . These are 1939 TN, 1982 YA, 
1983 SA , and 5 025 P -L. The first three were discovered 
in the years indicated by their names ( although 1939 TN 
has a recently updated orbit) , whilst 5 025 P-L was found 
recently on plates taken in 1960. 1982 YA and 1983  SA have 
well -known orbits, but knowledge of the other two is 
quite vague and they are not recoverable. The present 
values of  their orbital parameters are as in Table 6. If 
these elements are correct, then 5025 P -L crosses all of 
the planets from Mercury to Jupiter, although the discoverers 
caution that only three observations spaced over seven days 
were used in determining its orbit ( van Houten et al, 1984 ) .  
Similarly for 1 939 TN only four observations over a month 
were used. 
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TABLE 6 :  ORBITAL PARAMETERS OF FOUR JUPI TER-CROSSING  ASTERO I DS 
a= ( A . U. )  e= i = ( degrees) reference 
1 9  3 9  TN 4. 52 0 . 24 81 2. 12 Marsden and 
Bardswell ( 1 982) 
1 982 YA 3. 7 1  0. 6 97 3  34. 5 7  MPC * 85 34 
1 983 SA 4. 23 0. 714 7 30. 7 8 MPC *  86 7 8  
5025 P-L 4. 20 0. 8954 6. 20 van Houten et al 
( 1 984) 
Minor Planet Ci rculars , issued by the Minor Planet Center , 
Cambridge , Massachusetts. 
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As is to be expected, Jupi ter dominates the orbi tal 
evolution of these ob jects. Although all except 1939 TN can 
intercept Mars, and 502 5 P-L  the inner three planets also, 
the probabili ty of a collision with any of t he terrestri al 
planets is at least two orders of magni tude smaller than 
for a Jupi ter impact . Venus and the Earth can also eject 
5025  P-L, but the chance of this is even smaller than the 
collision probability. In view of the above, only the 
Jupi ter-encounter probabilities are of interest, and these 
are given in Table 7. 
The deflect ion time-scale ( 1 0, Table 7) is less 
than a thousand years for all four of these asteroi ds, w i th 
an expected deflection of at least a few degrees. The loss 
time-scale for e j ection or planetary collision ( T L ) is at 
least a thousand times longer ; th ei r lifetime against 
destruction in a co llision with bel t asteroids is of the 
order of 10 7 years or  more ( Wetheri l l ,  1976) . Many encounters 
are therefore expected over their l ifetime, with a later 
orbit bearing li ttle simi l ari ty to the original elements. 
Hidalgo and Ch i ron could have ori ginated in this way , and 
are probably indicative of a large population of asteroi ds 
in the outer so lar system whose orbits have diffused outwards. 
These two bodies have been detected because of their l arge 
si ze compared to 1939 TN, 1 982 YA, 1983 SA  and 50 2 5  P-L which 
are only - l km in diameter. Smith ( 1978) suggested that 
there might be several hundred small asteroids wi th orbits 
be tween the giant pl anets : the comparative time-scales 
derived here bear this suggestion ou t, given a sufficient 
supply of exhausted Jupi ter-crossing comets. 
TABLE 7:  ENCOUNTER PROBABILITIES WITH JUPITER FOR FOUR 
ASTEROI DS 
p = C p = D p = E X RMs
= T = D 
1 27.  
T = L 
Asteroid ( al l  per year) ( degrees) ( years) 
1939 TN 5. 5E -6  l. 5E-2 - *  4 3  6 7  l. 8E5 
1982  YA 3 .  9E - 8 l. 6E - 3  3. 4E - 7  4 .  8 625 2. 6E6 
198 3  SA 2. 6E - 8  l. 3E - 3 3 . lE - 7 4.2 7 70 3. 0E6 
5025 P - L 8 . 4 E - 8  5. 6E - 3  l. OE -6 3 . 1 180 9. 2E5 
Due to its low eccentricity orbit, 19 39 TN approaches Jupiter 
with a maximum velocity o f  only 3. 6 km - I  s , and cannot 
there fore be ej ected. This also leads to its l arge r. m. s. 
de f lection. 
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7. 4 NEPTUNE AND PLUTO 
7 . 4 . 1  Introduction 
It is not possible for Neptune and Pluto to collide . 
An early conside ration (Lyttleton, 19 3 6 )  of the results of 
an encounte r between the newly-discove red planet and the 
Neptunian system was late r shown to be untenable since the 
two bodies never come closer than 18 astronomical units 
( Cohen and Hubbard, 19 65 ) ; this is because the 3: 2 commen­
surability in their orbital pe riods results in Pluto always 
be ing close to aphelion when in con j unction with Neptune. 
Additionally, con j unction is close to 90 ° in longitude from 
the mutual orbit node ( Williams and Benson, 19 71) . Hence 
although Pluto is the only planet to cross the orbit of 
another, it is not threatened by oblite ration, orbital 
disruption or capture by Neptune, at least in the present 
epoch. In fact, its orbital is remarkably stable with respect 
to gravitational perturbation ( Peale, 1976 ; Greenbe rg, 1977 ; 
Nacozy, 19 80 ) . 
Despite the fact that the planets now avoid each 
other, this scenario cannot necessarily be extrapolated 
back to the early solar system. The pecularity of Pluto ' s  
orbit and the chaotic nature of the Neptunian satellite 
system has led to various suggestions fo r the origin of 
Pluto, mostly involving a close encounte r with Triton 
which throws Pluto out into its lonely heliocentric path. 
The discovery of a moon of Pluto - or more correctly 
that Pluto is a binary planet - has led to the imposition 
of added constraints upon the evolution of the Pluto-Charon 
system. The two must have been joined together when in orbit 
about Ne ptune if this were their genesis, with separation 
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later by binary f ission on account of a high spin rate ( Lin, 
1981; Mignard, 1981 ) . This would strengthen the supposition 
of an origin elsewhere. There has also been some debate as 
to whether another ob j ect, now unseen but several times the 
mass of the Earth, would be necessary to e j ect Pluto and 
throw the Neptunian moons into confus ion ( Farinella et al, 
19 78, 19 80; Harrington and Van Flandern, 19 79 ) .  Mass-loss 
by a proto-Neptune causing Pluto to be thrown out into a 
large heliocentric orb it has been discounted ( Horedt, 19 74) . 
Laying asi de the possibility that Pluto was originally 
a Neptunian satellite ( McKinnon, 1982 ) ,  there are thre e 
broad categori es of explanation for its en igmatic presence: 
( i )  It was directed into its stable orb it 
during the early hi story of the solar 
system, when the presence of an appreciable 
nebula allowed for the dissipation of 
orbital energy and angular momentum 
( Dormand and Woolfson, 19 8 0 ) ;  or 
(ii ) The 3 : 2 resonance may have favoured the 
aggregation of a planet w ith thi s  semi­
major axi s; or 
( i i i )  More than one ob j ect existed at first, 
with Pluto being the sole survi vor . 
Here I will evaluate the probab ility of a chance 
encounter between Neptune and an ob j ect in a Pluto-like 
orbit in orde r to find whether a multitude of such ob j ects 
could have existed ori ginally, as in ( i i i )  above, with all 
exce pt for Pluto having been lost due to collisions with, 
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or orbital disruptions by, Neptune . In order to avoid 
any confusion, I will call this Pluto-like obj ect 'Zagreus', 
for the son of Zeus and Persephone , who as a child was torn 
asunder by the Titans. 
7. 4. 2 Application to P luto 
Because of its resonance with Neptune, Pluto cannot 
take any position in its orbit but is confined. I will 
consider Zagreus to have a random argument of perihelion and 
longitude of node, with orbital elements ( a,e,i )  identical 
to the present mean values of Pluto ( Seidelmann et al, 1 980) 
a =  39. 72 A . U. 
e = 0. 25 24 
i = 1 7� 14 
The mass and radius are about 1. 6 x 102 2  kg and 1 600 km 
respectively (Lupo and Lewis, 1980; Mor rison et al, 1982 ) 
Si nce this makes Zagreus much smaller than Neptune , it can 
be considered as a point mass. 
Opik ( 195 1 )  found a collisional lifetime of 1. 03 x 
1 0 1 0  years for Pluto , or a collision probability of a li ttle 
under l x 10 - 1 0  per year. 
. .  
In one way Opik's method is a 
good approxi mation for this circumstance in that the orbit 
of Neptune has a very low eccentricity, and hence is almost 
ci rcular. However, Zagreus is a very shallow crosser of 
Neptune ' s  orbit so that a small change in the eccentricity 
and semi -major axis will make a large difference to the 
col lision probability. 
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Despite the latter corrunent , the collision probability 
obtained by the method of Chapter 2 is close to that found 
.. 
by Opik ( 1 951 ) : 
Pc � 1 . 1 4 x 10
- 1 0  per year 
so that the collision lifetime, in units of the age of the 
solar system ( 4 . 6  billion years) is around 1 . 9 . Thus 
consideration of mere collisions is not able to tell much 
about any primordial population with the orbit of Pluto : 
if the lifetime were 0. 1 then almost all such ob jects would 
have been collisionally lost, if it were 10 then almost none 
would have been lost. 
Attention is now directed to the result of an 
orbital disruption in a close encounter .  Since the relative 
encounter velocities range from 1 . 7 to 2 . 0  km  s- 1 it is not 
possible for Neptune to eject Zagreus on an hyperbolic orbit : 
the orbital velocity of Neptune is 5 . 4 km  s - 1 so that a 
relative velocity of at least 2 . 24 km s- 1 would be necessary . 
Thus PE = 0 here . 
The probability of passage within the sphere of 
influence is 
PD � 4 . 20 x 10
- 5 per year 
or 
TD � 2. 4 x 10
4 years 
Therefore over the age of the solar system it would not be 
possible for Zagreus to avoid frequent close approaches to 
Neptune, unless in a protected position such as Pluto . 
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Deflections of the order of x RMS = 3 � 7 result in a 
fractional rate of energy change (equation 78)  of -2.9 x 10- 8 
per year . About half of the orbital energy must be lost if 
Zagreus is to become a Uranus-crosser , and thence be passed 
on to control by Saturn and Jupiter . Migration inwards due 
to close encounters by Zagreus therefore occurs on a time-
scale of 10 8 years , and is a possible alternative origin 
for Chiron and Hidalgo . 
In view of the above it is apparent that Pluto only 
survives in its present orbit because it is protected from 
close encounters with Neptune . Any ob jects with similar 
but non-commensurable orbits would have been disrupted 
over astronomical time . 
Two further points of interest can be mentioned here . 
Firstly , by putting Zagreus into a similar but retrograde 
orbit ( i  = 1 62 �86 ) the collision probability is reduced 
2 . 3  X 10- 1 1  per year since the encounter velocity 
goes up by a factor of six, to 1 1 . 3  km s- 1 , and the 
gravitational radius is correspondingly reduced . However , 
ej ection is now possible with a probability PE � 1 . 9  x 10
- 1 0  
per year . Therefore physical loss (collision or ej ection)  
is about twice as probable for this retrograde orbit . 
Secondly, the collision ( or encounter) probability 
changes markedly as either the semi-ma j or axis or eccentricity 
is altered . This is to be expected since the region of 
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orbital overlap changes significantly. For convenience, 
in Figure 7 I have plotte d the collisional lifetime in units 
of the age of the solar system against the semi - maj or axis 
of Zagreus, with the eccentricity an d inclination hel d 
at the nominal values; a similar curve results from varying 
the eccentricity instead. A lthough the exact shape of 
the curve depen ds upon the size of the volume elements 
(equation 7) , two distinct minima are always seen. These 
are at 39. 85 an d 4 0. 54 A. U. , which with e = 0. 2 5 24 give 
Zagreus a perihelion distance of 29. 80 an d 30. 3 1 A. U. 
respectively. The latter figures correspon d to the peri-
helion an d aphelion distances of Neptune, an d are therefore 
easily explaine d: the spatial density for both planets woul d 
be enhance d at these distances, so that the collision 
probability is higher. The present orbit of Pluto, as 
in dicate d in Figure 7, puts it close to one of the lifetime 
minima ( probability maxima) .  Secular orbital variations 
(Cohen an d Hubbar d, 1965 ; Williams an d Benson, 1 9 71 )  can 
lea d to it  crossing both of the lifetime minima. 
To summarize, Pluto only exists in its present 
orbit because it is commensurable with Neptune an d in a 
position such tha t the larger planet is avoi de d. It is 
possibl e  that a number of bo dies in similar orbits once 
existe d, with Pluto being the sole survivor due to this 
con dition. 
F I GURE 7: VARIATI ON OF THE COLLI SI ONAL LI FETI ME OF ZAGREUS 
































0 0 0 
(.) 
P L U T O  
0 
4 0  4 1  3 8  39 




In this thesis I have investi gated the factors 
which are i mportant in determining the orbital character­
istics of meteoroids. In recent years much work has been 
done on the effects of the solar radiation f ield upon 
interplanetary dust ( chapter 4 ) , but comparatively little 
upon encounters with other bodies. Although it has been 
recogni zed since 19 75 that interparticle collisions are 
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the eventual fate of most meteoroids, no satisfactory 
method has been published which allows the characteristic 
lifetime against such events to be calculated as a function 
of the orbital elements ( a ,e, i )  of the meteoroid. In 
chapter 4 ,  using the collision probability theory of 
Kessler ( 1981 ) developed in chapter 2, I have shown how 
this lifetime can be found and have calculated values for 
various sample orbits. The answers are similar to those 
from previous, rudimentary, estimates . This new method is 
more realistic than previous attempts , and is easily 
applied. 
The major thrust of this thesis , however, has been 
an investigation of meteoroi d encounters with larger bodies: 
the planets. The majority of these encounters do not result 
in a collision but in a gravitational disruption of the 
meteoroid orbit. I n  order to f ind the gross effects of such 
orbital changes , various parameters { r . m . s. deflection 
angle, probability of e j ection from heliocentric orbit 
etc . )  were calculated using the method of Weidenschilling 
{ 1 975a) as developed in chapter 3. A computer program 
written to accomplish this , and encompassing the techniques 
of chapters 2 and 3, is included here as Appendix 1 .  Use 
of this program upon 2 8  sample orbits , corresponding to 
most of the well-known meteor streams, allowed the effect 
of planetary close encounters to be gauged . Comparing 
the loss lifetime due to planetary collisions or ejections 
( , L) and the time-scale for sporadic meteor production 
( , A) calculated with this pro gram against the loss lifetime 
due to the Poynting- Robertson effect ( , PR) and collisions 
with zodiacal cloud particles ( , Z) ,  I have shown that 
( chapter 6): 
( a) ' z  is indeed the limiting lifetime for all but a 
few meteoroids; 
(b) ' PR and ' L are comparable for a large meteoroid 
( radius > 1 nun) in a Jupiter-crossing orbit; this 
is a new and unexpected result; 
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( c) Sporadic meteoroid production by gravitational 
diffusion of streams in orbits similar to short­
period comets occurs much faster than any of the 
loss mechanisms ( TA < <  'L ' ' z '  ' PR) and is therefore 
the maj or source of sporadic meteors; this is an 
important deduction , answering a question which 
has been posed on many occasions . 
In addi t ion to applying these techniques to 
meteoroid orb i ts ,  for whi ch purpose this investigation 
was started, I have also shown in chapter 7 the results 
obtained for some of the larger bodi es wh ich cross the 
orb i ts of the major planets . The present orb i ts of six  
astero idal bodies have been found to be  extremely short­
lived. The planet Pluto I have shown to be in an orb i t  
whi ch would also b e  very short-lived i f  i t  were not that 
Pluto is in a stable resonance with Neptune. 
Finally in Appendix 2 I have appli ed th is collis ion 
probabili ty theory to the known population of Apollo-Amor­
Aten as teroids and calculated the influx o f  these bodies 
( diameter � 1 km) to each o f  the terrestrial planets , from 
whi ch the production rate of large impact craters on each 
can be  found. 
One last po int can be made here . For many years i t  
137 . 
was erroneously believed that the major source of meteoroi ds 
was the capture of interstellar parti cles by planetary close 
encounters (e. g. Lovell , 1 95 4 , for a discussion) . As a 
result o f  exhaustive Mon te Carlo simulations i t  is well­
known that periodi c comets can be captured in th is way , 
although multiple dis tant perturbations are mostly 
responsible ( Everhart , 1 973 ) .  By applying the principle 
o f  reversibili ty to the parti cle ejections studied here , 
the chance of capture is also found i. e. an upper limi t 
for the probab ili ty o f  capture into an elliptical heliocen tri c 
orb i t  from an unbound trajectory is just given by the 
probability per perihelion passage of ej ection from the 
solar sy stem. The results obtained herein therefore 
confirm that few particles of any kind are captured by 
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APPENDIX 1 
PLANETARY ENCOUNTER PROGRAM 
This appendix consists of a listing of the program 
written to perform the encounter probability calculation 
150 . 
of chapter 2 and the encounter result analysis of chapter 3; 
the program i s  named CDE ( �ollision , �eflection , �jection ) . 
The language used was PASCAL, in conjunction with the 
Uni versity of Sheffield PASCAL compiler version 3.0 on the 
Un iversi ty of Canterbury PRI ME 750 oomputer. 
This particular version of the program is the most 
time-consuming of all versions since it calculates the 
ejection probability ( equation 64 ) for each volume element 
in the summation represented by equation ( 7) . Although 
each volume element is associ ated with four distinct 
relati ve velocities ( equation 34 ) on account of the four 
possible encounter angles ( equation 37) , these do not often 
vary appreci ably and therefore the ejection probability can 
usually be adequately estimated from a few evaluations of 
( 64 )  using typical encounter velocities and tra j ectories . 
Alternate versions of this program with minor changes have 
been prepared, with large savings in computer time because 
of the above simplification . The present program requires 
11 minutes of C.P.U. time on the PRIME computer for the case 
o f  the Monocerotids, which is the only one of the 28 stream 
orbits used in Chapter 5 which can be e jected by all 8 planets . 
The ma jority of these streams require less than l minute of 
C. P. U. time , reducible by a factor of more than 10 if 
( 64 ) is not evaluated for every volume element. 
15 1. 
PIDGRAM OJE ( INPUI' ,ClJ'lPUT) ; 
{ ntis program: 
{ August 10th 1984} 
a) Fioos the enoounter probability between an arbitrary object in 
heliocentr ic orbit and each of the planets ; 
b) Fran th is determines the oollision probabil ity, the ejection 
(fran the oolar system) probability , arrl the mean aoo IM5 
deflection in an enoounter . 
'l'tie encounter probability is fouoo usi03 the rrethod of Kessler 
(Icarus, 48 , 39-48 , 1981) arrl the results of the encounter 
usi03 Weidensd1 illi03 (Astron.J . , 80 , 145-153 ,  1975 ) .  
CXNsr PI = 3. 14159265 ; 
DEC.RAD = 0. 017453293 ; 
CNF.AU = l. 4960Ell ; {One astronomical LD'lit in rretres } 
VAR 




R , ID ,B ,BD,RBAR,VCl,lME 
Dl, D2,D3,D4,[U,f,{Y 
Al, A2 , El ,E2 , Il , I 2, Sl, S2 
DEL'Il\R,Ql,Q2 ,QD1,QD2 
ISMALL , IBIG,QSMALL,QBIG 
I 11, I 22 ,JLMPR,JlMffi 
RAT<Ml'lE ,'IW:RBAR,RADlSQ 
RAD 1 ,  MASS 1,  VrSQ, IME'1Effi 
VCIRC ,VLFAST,v,,osr,VIC 
USIG: ,USICD,USIGE: 
SlM: ,SUID ,StME 
'ICP, TOP, TEP, VMIN, VMAX 
ALFl,ALF2,Vl,V2,<1'1StN 
SG1,SG2,cra,a:;2 
OU� ,OU BAR, VREL 
I ,J ,K ,JRPNGE,KRJlNGE,POO 
PSMA,PECC ,PINC,PRAD, 
PMASS ,MillV ,MAXV, PCDL, 
PDEF ,PEJE,DKIJI',DBAR,DRMS 
'!EXT; 
ARRAY [l.  . 30] CF CHAR; 
OIAR; 
RFAL; 















: ARRAY [l .  . 8) CF REAL; 
{ ******************************************************************}  
FUNCI'ICN ASIN (XYZ : REAL) : REAL; 
{ Returns the inverse sine of parameter XYZ} 
BEGIN 
IF ABS (XYZ) > 0.  999999 'lliEN ASIN: =XYZ*PI/2. 0 
ELSE ASIN:=AICTAN (XYZ/SQRl' ( 1 .0- (XYZ*XYZ) ) ) ; 
END; { of fmction ASIN} 
{ * *****************************************************************} 
ruNCTICN ACDS (ABC : REAL) : REAL; 
{ Returns the inverse cosine of parameter ABC} 
BEGIN 
IF ABS (ABC) > 0. 999999 '!HEN BEGIN 
IF ABC<O. O  'lliEN ACDS :=PI 
ELSE A<n3 : =0 .0 ;  
END 
ELSE ACDS : = (PI/2.0 }  - AR::TAN (ABC/SQRl'(l .0- (AOC*AOC) ) ) ;  
END; { of fmction ACDS}  
{ ****************************************************************** } 
152. 
PKX:EilJRE LIMIT (VAR X789 : RFAL) ; 
{ 'Ibis procedure limits X789 to be in the range -1 to +1} 
BEGIN 
IF (X789 > 1. 0)  'IHEN X789 : =l . O ;  
IF (X789 < -1.0)  'ffiEN X789 :=-l .O ;  
END; { of  procedure LIMIT} 
{ ****************************************************************** } 
PRx:EilJRE SBSI (VAR PA : RFAL; PB , PC  : RFAL) ; 
{ 'Ibis procedure firrls Sin (Lati tooe) / Sin ( Inclination) 
and assigns PA the value of th is ratio. 
PC is the Sin (Lat . ) ,  arrl PB is the Sin (In:::l . )  
Whenever the Inclination is  very snail , m is 
plus or mi nus ore , deperrlin:J upcn whether the 
is North or Sooth . The only exceptioo b:> this 
the latitude is aloo 9Tla li (zero) : then PA=O 
BEGIN 
IF PB < 1. OE-10 'IHEN BEGIN 
IF PC <  0 . 0  '!HEN PA : =-1 . 0  ELSE PA : =1. 0 ;  
IF ABS (PC) < l . OE-10 'mEN PA : =O . O ;  
mo 
ELSE PA : =PC / PB 
LIMIT (PA) ; 





{ ****************************************************************** } 
PRXEruRE OilS (VAR QUG,OUD,D : RFAL; MP ,RP,U ,RV : RFAL) ; 
{ This procedure cal01lates the values of the maximum non- impact 
defloctioo OUG ( i . e .  grazin:J) and the minimum deflection auo at 
the edge of the si;here of influence , radius D .  
Inp..1 t paraireters are :  
VAR 
BEGIN 
MP = mass of planet in E20 kg 
RP = raHus of planet in km 
u = relative velccity of particle and 
planet in m/s 
RV =  radius vector , Sun to planet , in A.U.  
Xl, CMPOJ2 





{Dumny variables } 
{ oumny variables} 
CMPOJ2: =6 . 672041E9*MP/SQR (U) ; { G  * mass planet/sq.iare of 
relative velcc ity , in SI units }  
Xl : =G1PCU2/ (RP*l000 . 0 ) ; { Again in SI  units} 
CHIG : =2.0*AJCTAN (Xl/SQRI' (l .0+ (2 . 0*Xl) ) ) ;  
Xl :=MP/ (3 . 32958*5 .9742E9) ; { 'Ihe  planet to Sun mass ratio; 
the n.nnber in parentheses is the oolar mass , un it E20 kg .  
Xl : =I.N (Xl) ; 
Xl :=Xl/3 .0 ;  
Xl : =EXP(Xl) ; { Firrls the cube root of  Xl} 
D: =l. 15*RV*CNEAU*Xl ; { Rad ius of the si;here of influence in metres } 
a-no: =2 .0*AICTAN (G1PCl.J2/b) ; {Minimum deflection} 
END; { of procedure aus}  
{ ****************************************************************** }  
153. 
FlNCrICN SPATIAL (A, E , I : RE'AL) : REAL; 
{ Th is fLrlction ca lo..ilates the sp:itial density of an object 
at any particular point; the lD"lits are particles per cubic A.U. 
The follo,.ring are the p:iraireters :  
A Sani -major axis of the orbit in AU ; 
E Eccentric ity 11 11 
; 









{ Per ihelion distance } 
{ Aphelioo d istanoe} 
{ Dunmy var iables } 
{ Another dunmy var iable} 
Q : =A* (l . 0-E) ; 
QD : =A* { l . O+E) ; 
D4 :=SIN ( I ) ; 
D5 : =S IN {BD) ; 
D6 : =SIN {B) ; 
SOFAR: =0 . 0 ;  
IF ( ( R <= QD )  AND ( RD  >= Q) ) 'IHEN BEGIN { i . e .  as loog as the ocbit 
intersects the shell } 
IT ( (B <= I )  AND (BD >= (-I ) ) )  'IHEN BEGIN { i .e .  if the volume 
element is at a latitude whidl the crbit can i ntersect} 
D2 :=SQR{D4 ) ; 
D3 : =SQR {SIN ( {B+BD) /2 . 0 ) ) ; 
Dl : = (D2-D3) * (RBAR--Q) * (QD-RBAR) ; 
IT ( (D2 <= D3) CR (REAR <= Q) OR (QD <= REAR) ) 'IHEN Dl : =0 . 0  
EL.$ Dl : =SQRI' {Dl) ; 
IF Dl > 0 . 1  'IHEN SCFAR: =l. O/ {A*RBAR*D1*2. 0*PI*PI*PI)  
ELSE BEGIN 
SCFAR: =l. 0/ (4 . 0 *PI*RBAR*DELTAR) ; 
IT ABS (QD-Q) < 0 . 000001 'IHEN BEX;IN 
Dl : =1. 0 ;  D2 : =-l. O ;  
END 
ELSE BffiIN 
Dl : = { { 2 . 0*ID) - ( 2 . 0*A) ) / {QD-Q) ; UMIT (Dl) ; 
D2 : = { ( 2 .0*R) - ( 2 . 0 *A) ) / (QD-Q) ;  LIMIT {D2) ; 
END; 
IT ( (Dl*D2) < -0. 999999) 'IHEN { i . e .  if Dl=l & D2=--1} 
SCFAR: =SCFAR/RBAR 
ELSE BffiIN 
D3 : =ASIN (Dl) - A.S IN  (D2) ; 
SOFAR: =SOFAR*D3/ (PI *A) ; 
END; 
[ Na,,, start en the latitude part} 
SCFAR: =SCFAR*2 . 0/ (PI* (D5 - D6) ) ; 
Dl : =0 . 0 ;  D2 : =0. 0 ;  
SffiI {Ol , 0 4 , 05 ) ; 
SBS I (D2 , 04 , 06 ) ; 
03 : =AS IN (Ol) - AS IN (02) ; 





END; [ of flrlction SPATIAL} 
!
Dl <= 0 . 1  loop } 
Latitude O . K .  loop} 
Shell intercept loop} 
[ ·································································· } 
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PKX:EilJRE VELO: ITY (VAR VS ra:: , VSICD , VS IGE : RFAL) : 
{ Th is procedure finds the product of 
the mean cross-sections in a volU!le 
sections are : Collision => 
De flecticn => 
Ejection => 





VAR [XJ,M:{ l,QU,M{2,[XJ?,M{3 ,Vl2 ,�V2 ,VA,VB ,VC: ,VD : REAL; 
SIG1AC ,SI<MAD,SICMAE ,CB, Zl2 : RFAL: 
{ ------------------------------------------------} 
PKX:Ell.JRE SCATIER (VAR SICMAC ,SI<MAD,SICMAE : RFAL) : 
{ This procedure ca lrulates the effective cross-sections a:]ainst 
collisioo (SICW\C ) , defl ecticn (SI(Ml>.D) arrl ej ectioo (SIGIAE) } 
VAR EPS ,EPSC ,OilG,CliID, D , PR)B,L3 , IA , L5 ,0C : RFAL: 
PKX:EIIJRE SIMPSCN (VAR P : RFAL) : 
{ This procedure evaluates eqn 23 in Weidensdl illin:J (1975a) 
usirg S inpson ' s  Rule to firrl the i ntegral 
VAR CliIMIN ,O:IIMAX,OCHI ,O:II ,A,B,C,aJl,NY ,StM,FACICR : RFAL: 
ram : �R: 
{ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ++t+++++++++++ } 
FUl'CI'ICN rEIDEN (Oil : RFAL) : RFAL: 
VAR Xl, X2 , X3 : RFAL: 
BEGIN 
Xl: =CHI/2 . 0 :  
X2 :=SlN (Xl) : 
X3 : =0)S (Xl) / (X2*X2*X2) : 
Xl : = (<DS (EPSC) - (<DS (CHI ) *<DS (EPS) ) ) / (SlN (O:II ) *SlN (EPS) ) :  
LIMIT (Xl) : 
X2 : =AO)S (Xl) : 
WEIDEN : =X2*X3 : 
END: { of fll1Ction WEIDEN } 
{ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I +-H-++++ } 
155. 
BEGIN { procedure SIMPSCN } 
[U,f,{Y : =EPS-1:l>SC; 
IF CUMf > GIID 'lfilN QUMlN: =Ill+1Y ELSE QiIMlN : =CHID; 
[lM,fY : =EPS+EPSC; 
IF CUMf < QiIG 'lHEN QiIMAX: =[lM,fY ElSE QiIMAX: =CHIG; 
IF ( (CHIMIN < CHIG) Am (CHIMAX >CHIO) )  'IHEN BEX,IN 
{ i . e .  if ejection possible} 
rncTOR: = { ( l .0/S(R (SIN (CHID/2 . 0 ) ) )  - 1 . 0) *PI ;  
FAC1".:R : =l . 0/FAC1".:R; 
OCH! : =  (CHIMAX�HIMIN) /90 . O ;  
CHI : =Oil M.IN ;  
A : =WEIDEN (CHI) ; 
SlM: =0. 0 ;  
FOR IO'D\ : =l 'ID 45 00 BEGIN 
{ This rreans that the jumps are 2 degrees or less } 
Qi! : =Oil +OCH! ; 
B : =WEIDEN (CHI ) ; 
CHI : =CHI +OCH! ; 
C : =WEIDEN (CHI ) ; 
ll.M{Y : =A + (4 . 0*B)  + C ;  
SlM: =SlM+Il.M,fY ; 
A: =C; 
END; { of ICYrA loop} 
SlM : =SlM*OCHI/3. 0 ;  { Canplete the Simpoon ' s  Rule 
P :  =FAC1".:R *SlM; 
END { ej ection possi ble} 
END; 
ELSE P : =0 . 0 ;  { oo ejectioo possible} 
{ of procedure SIMPSCN J 
BEGIN { procedure SCATTER} 
QiIS (GiIG,GiID , D ,MASSl , RZ\Dl , VREr.. , RBAR) ; 
formula } 
PR:>B:=0 . 0 ;  
VlC : =S<J?I' (SQR (V2) +SQR (VCIRC) - {2 . 0*V2*VCIRC*IlJr-MY3) ) ;  
IF (VIC>Vl.FAST) J\ND (VIC<Vf.OST) 'lHEN BEGIN 
L3 :=2.0*VK:*VCIRC; 
L4 : =SQR (VK:) ; 
L5 : =SQR (VCIRC) ; 
l:l>S : =ACDS ( ( -L4-L5-+6QR (V2) ) /L3) ; 
EPSC: =ACDS ( (-L4+L5 ) /L3) ; 
S IMPSCN (PR:>B) ; 
END; 
IF VRC>=vM:>sr 'IHEN Pim: = 1 . 0 ;  { Ej ectioo cer tain} 
SIG1AD: =SQR {D) *l. OE-6/RADlSQ; { The cross-sections are in lD1its 
SICl-1AE : =SIG1AD*PR:>B; 
of the geanetrical cross-section of the planet; 
divide by a mill ion to oonvert to km2 } 
SICMAC: = (l . O+ (VESQ/SQR (VREL) ) ) ;  
{VF.SQ is the sq.;are of the planetary escape veloc ity, in m2/s2} 
END; { of procedure SCA'I'IBR} 
{------------------------------------------------------ } 
156. 
BffiIN { procedure VELCCITY} 
VSIOC:=0 .0; VSIGD:=0 .0;  VSIGE:=0 .0 ;  
CB:=<DS ( (B+BD)/2 .0 ) ; 
SBSI (Zl2 ,C8,CDS ( I1) ) ;  { Not ....nat SBSI was wr itten for , } 
AIF1 : =ACDS (Zl2) ; { rut it ' ll week } 
SBSI (Zl2 ,C8,CDS (I2) ) ;  
AIF2 : =ACDS (Zl2) ; 
CXil:=SCJn' (Al*Al* (l . O-El) * (l . O+El) / (RBAR* ( (2 . 0*Al) -RBI\R) ) ) ;  
LIMIT (CXil) ; 
SG1:=SOO (1 .0- (CXil*CXil) ) ; 
CXi2:=SQRr (A.2*A2* (1 . 0-E2) * (1 . 0+E2) / (RBAR* ( (2 .0 *A2) -RMR) ) ) ;  
LIMIT (CXi2) ; 
SG2 : =SCJn' (l . O - (CXi2*CXi2) ) ;  
Vl : =SCJn' ( (RAT<MNE )  * ( ('IW:RBAR) - (l. 0/Al) ) ) ;  
V2 : =SQRI' ( (RATCMJNE) * ( ('IWcmAR) - ( l . 0/A2) ) ) ; 
IUMYl :=SGl*SG2 ;  
i:::x.M'1Y2: =CXil*CXi2*CDS (ALFl-ALF2) ; 
[OMY3:=Ill'MY2;tGl; 
Vl2 : =S� (Vl) +sQR (V2) ; 'IWJV1.V2 :=2. 0*Vl*V2 ; 
Zl2 : =ll..M-IY2+tu-MY1; 
VA: =SQRI' (Vl2- ('IWJV1V2*Zl2 ) ) ;  
IF VA <  VMIN '!HEN VMIN : �; IF VA >  \/MAX '!HEN VMAX:�; 
VREL : =VA; 
SCATIER(SIGIAC,SICMAD,SICMAE) ; 
VSIOC: =VSIOC+ (VA*SICW\C) ; 
VSICD: =VSICD+ (VA*SI<MAD) ; 
VSIGE: =VSIGE+ (VA*SIGIAE) ; 
Z 12 : =tu-MY 2--Dlff1Yl; 
VB: =SQRI' (Vl2- ('IWJV1V2*Zl2) ) ;  
IF VB < VMIN '!HEN VMIN : =VB ; IF VB > \/MAX 'lliEN VMAX: =VB; 
VREL: =VB ;  
SCATI'ER(SIGIAC,SICMAD,SICMAE) ; 
VSIOC: =VSIOC+ (VB*SICW\C) ; 
VSICD: =VSICD+ (VB*SI(}o1AD) ; 
vsrrn: =VSIGE+ (VB*SIGIAE) ; 
IUMY2:=CXil*CXi2*CDS (ALFl+ALF2) ; 
IUMY 3 :  =tu-MY 2/t'Gl; 
Zl2 :=tx.M,r{2+r:oMYl; 
VC: =SOO (Vl2- ('IWJl/1V2*Zl2) ) ; 
IF VC < VMIN '!HEN VMIN: =VC; IF VC > VMAX '!HEN VMAX :  =VC; 
VREL: =VC; 
SCATI'ER(SIG1AC,SI(}o1AD ,SICMAE) ; 
VSIOC: =VSIOC+ (VC*SICW\C) ; 
VSICD: =VSICD+ (VC*SI<MAD) ; 
vsrrn : =VSIGE+ (VC*SIGIAE) ; 
Zl2 :=tu-MY2-DlfflYl; 
VD: =SQRI'(Vl2- ('IWJV1V2*Zl2 ) ) ;  
IF VD < VMIN '!HEN VMIN : =VD; IF VD > \/MAX '!HEN VMAX: =VD; 
VREL : =VD; 
SCATIER(SIGIAC,SI<MAD,SICMAE) ; 
VSIOC: =VSIO:+ (VD*SICWI.C) ; 
VS ICD: =VS !CD+ (VD*S I(}o1AD) ; 
vsrrn: =VSIGE+ (VD*SIGIAE) ; 
VSIO: : =VSI0:/4 . 0 ;  VS ICD : =VSICD/4. 0 ;  VSIG: : =VSIG:/4 . 0 ;  
{Divide t¥ four to get t he  average value} 
END; { of proce<lure VELCCITY} 
{ * ****************************** *********************************** } 
1 5 7 . 
PJO:IDJRE ENEK.YOIANGE (VAR DELTA : REAL; OUG ,arrD : REAL) ; 
{DEL'm is a measure of the overall energy change for an encounter} 
VAR M,VB2,V1BAR : REAL; 
Cl,C2,C3,C4 ,Bl ,B2,B3, B4 : REAL; { D-lllmy variables } 
EEGIN 
IF (Q2<Al) AND (QD2>Al) 'IHEN BEGIN 
Cl :=CHID/2. 0; 
C2 : =S IN (Cl) ; 
Bl : =l. 0/� (C2) ; 
82 : =2 . 0*CDS (Cl) ;t2; 
C3 : =OU(V2. 0; 
C4 : =SIN (C3) ; 
B3 : =l. 0/SQR (C4) ; 
B4 : =2 .0*CDS (C3) /C4 ; 
ClllBAR: = ( (QilD*Bl) + B2 - (OiIG*B3) - B4) / (Bl - B3) ; 
Cl: =8 . 0 *� (C2) ; 
C3 : =8 . 0*lli (C4 ) ; 
B2:=2. 0*0UD*B2 ;  
B4 : =2. 0*CHIG*B4 ; 
Cl : = ( (SQR(OiID ) *Bl) - (SQR (OIIG) *B3) + 82 - 84 + C3 - Cl) / (Bl-B3) ; 
OU!MS:=SCRI' (Cl) ; 
Vl.BAA: =SQRI' (RATGOE/Al) ; 
VB2 : = � (RAT<MNE* ( ( 2 .0/Al) - (l . O/A2) ) ) ;  
M: =ACDS ( (SQR (VB2) -SQR (Vl.BAR) -SQR (VREL) ) / (2 . 0*VlBAR"'VREL) ) ; { epsi101 } 
DELTA : = (CDS (M-OfI!MS) ) + (CDS (M+OII!MS) ) - (2 .0*CDS (M) ) ;  
DELTA :=- (DJ:LTA* 2 .0*VlBAR*VREL,/RAT(MNE) ; 
END ELSE DELTA:=0. 0 ;  
END; { of procedure ENERGYOIANGE} 
{ ** ************************************************** ************** } 
BEGIN { 'Ire main program} 
REWRI'IE (CFIIE, I CDEPRINT' ) ; 
{Masses belcw in E20 kg , radii  in km, semi-major axes in AIJ, 
ard irclinations in degrees } 
PSMA [l ] : =0. 3871 ; PEO: [l ] : =0 . 2056 ; PINC [l ] : =7 . 004 ; 
PRAD [l] : =2439 . 0 ; PMASS [l] : =3 . 302E3; {Mercury} 
PSMA [2 ] : =0. 7233 ;  PECC [2 ) : =0. 0068 ; PINC [2 ] : =3. 393 ; 
PRAD [2] : =6051 . 0 ;PMASS [2J :=4. 870E4 ; {veros}  
PSMA[3 ] : =l .OOOO ; PE0: [3 ] : =0 . 0167 ; PINC[3] : =0 . 0 ;  
PRAD [3] : =6378 . 0 ;PMASS [3] : = 5. 977E4 ; { Earth} 
PSMA [4 ] : =l . 524 ; PE0: [4 ] : =0 . 0933;  PINC[4 ] :=l. 850 ; 
PRAD[4 ] : =3397 . 0 ; FMASS [4 ] : =6 . 418E3 ; {Mars J  
PSMA [S] : =5 . 203 ; PE0: [5] : =0. 0484 ;  PINC [S) : =1 . 305 ; 
PRAD[ 5] : =71398 . 0 ;FMASS [ 5] : =l. 899E7 ; { Jupiter } 
PSMA [6] : =9 . 539 ; PE0: [6) :=0. 0557 ;  PINC [6] :=2 . 486; 
PRAD [6] : =60330 . 0 ; FMASS [6] : =5 . 684E6; { Saturn } 
PSMA[7] : =19 . 18 ; PE0: [7) :=0 .0472 ; PINC [?J : =0. 771; 
PRAD [7 ) : =26145 . 0 ; FMASS [7 ) : =8. 727E5 ; { Uranus} 
PSMA[B J := 30. 06 ; PE0: [8) : =0. 0086 ; PINC [BJ : =1 . 776; 
PRAD[BJ : =24700 . 0 ; FMASS [SJ : =l . 030E6 ; { Neptune} 
1 5 8 . 
Fffi K : =l TO 30 lX) CNAME [K] : = ' ' ;  K : =O ;  
WRI'IB ( 'What is the naire of the object ? ' ) ; 
WHILE N)T E� lX) BEGIN 
K: =K+l ; 
RFAD (Nl'\MEBIT) ; 
Cl'WIB ( K] : =NAMIB rr; 
rND; WRI'l'ELN; 
Fffi K : =l TO 14 00 WRITEUl (CFIIB) ; 
WRITE (CFILE, ' Object naire :  ' ) ; 
FCR K : =l TO 30 00 WRITE (CFIIB,CNAME [KJ ) ;  
WRI'IBlli (CFILE) ; WRITElli (CFILE) ; 
WRITElli; WRI'IBW; 
WRITElli ( 'For th is neteoroid. . . . . . . . . . . . .  ' ) ; 
WRI'IB ( 'What is the semi-major axis ? ' ) ;  READIN (A2) ; 
WRI'IB ( '  arrl tre eccentricity ? ' ) ;  RE7\Dlli (E2) ; 
WRI'I'E ( '  cYld the inclination ? ' ) ; REAI>rn ( IME:I'ECR) ;  
IF (A2<0.0)  THEN WRI'IBlli ( ' WAl�HNG - NCNSENSICAL SEMI-MAJOR AXIS ' ) ;  
IF ( (E2<0. 0 )  00. (E2 > 1. 0 ) )  THEN WRI'IBW ( 'WAR-UNG - N'.N-ELLIPl'IC CRBCT' )  ; 
159. 
IF ( ( IMEIBCR<O . O )  OR ( IMEIBCR>l80 .0 ) ) THEN WRITElli ( ' WARUNG - INCLINATICN IN Em:R' ) ;  
WRITElli; 
IlJNY : =S(.RI' (A2*A2*A2) ;  { Per iod 
WRITElli (CFILE , I 
WRITEUI (CFIIB, I 
WRI'lElli (CFILE , I 
in years} 
Semi-major axis = 
Eccentric ity = 
Inclination = 
' ,A2 : 8 : 2 , ' A.U . ' ) ;  
' , E2 : 10 : 4 )  ; 
' , IMEI'ECR: 8 : 2 , ' degrees ' ) ; 
IF IlJNY < 1000 . 0  THEN 
WRI'IBW (CFIIE , I 
WRITEIN (CFIIB, I 
Per iod 
Pericrl 
= ' , IXJt.t.1Y : 8 : 2 , ' years ' )  ELSE 
= ' ,IXM-rl : 8 , ' years ' ) ;  
WRI'IBW (CFILE) ; 
WRITE (CFILE , I 
WRI'IBW (CFIIB, I 
WRITElli (CFILE) ; 
WRITElli (CFILE) ; 
MER:lJRY VENUS EARni MAAS I ) ; 
JUP I'IER SJITURl URANUS NEPruNE I ) ; 
'KP:=0 . 0 ;  TDP :=0 . 0 ;  'lEP : =0 . 0 •  
roR Pt-D:=l TO 8 ro BEGIN { eight plcYlet loop} 
VMIN: =l .OE20 ; VMAX:=0.0 ;  { Set up extreme values } 
I2 : =!1'EIBCR; 
Al :=PSMA[Pt-D] ; El : =PEOC [Pt-D] ; I l : =PINC [PID] ; 
FADl : =PFAD[Pt-D] ; MA.SSl : =PMASS [PID] ; 
FADlSQ: =S� (AADl) ; { The  sq..iare of the plcY1etary radius } 
VESQ:=2.0*6. 672041E6*MASS1/RAD1; { Mass was in units of E20 kg 
and radius in kilanetres , oo this is in m2/s2} 
Ql :=A.l* (l . 0-El) ; Q2 : =A2* ( 1 . 0-E2) ; 
QDl : =Al* (l . O+El) ; QD2 : =A2* (1 . 0+E2) ; 
IF (Ql<Q2) THEN Q&W..L:=Q2 EL.5E �:=Ql; 
IF (QDl<Q02) THEN ()3IG: =QD1 ELSE ()3IG : =QD2;  
Q&W..L : =CSMAU,*0 . 9 ;  ()3IG: =<)3IG*l. l ;  {Make sure they CNer lct>} 
JRANCE : =IUJND (10. O+ (50 . 0 *  ( (OOIG-OOMALL) /OOMALL) l ) ;  
IF (JRANCE M)[) 2) = 0 THEN JRANCE: =JRANCE+l; { odd rumber of cycles } 
{ l'bte I l  & I2 are in degrees oo far } 
IF Il>90.0  THEN Ill: =180 .0-Il ELSE I ll:=Il;  
IF I2>90 .0  THEN I22 : =180 . 0-I 2 EL.5E I22 : =I2 ; 
IF ( I ll<I 22) THEN BffiIN ISMAIL:=-Ill; IBIG: =I ll; END 
EL.5E BEGIN ISMALL: =-I 22 ; IBIG: =I22 ; END; 
ISMALL: =ISMALL*l. l ;  IBIG: =IBIG*l. l ;  
IF ISMAIL < -90 .0  THEN ISMI\IL:=-90 . 0 ;  
IF !BIG > 90 . 0  THEN !BIG : =  90 . 0 ;  
{ Go  abo.Te & bel0o1 the possible range of lat itooes } 
IF (!BIG - !SMALL) < 0 . 8  '1lirN BEGIN 
IBIG : =0 . 5 ;  
ISMALL: =-0 . 5 ;  
END; { i . e .  if either I is close to zero} 
I l : =Il*tEGRAD; I 2 :=I2*tEGRAD; {Coovert to radians} 
KRANG': : =IOUND (IBIG-ISMALL+l0 . 0) ; { jump in lat . one degree oc less } 
IF (KRANG': r,rn 2) = 0 THEN KRJ\NG': : =KRANGE+ l ;  { odi rurnber of cyc:l es } 
JlMPR: = (QBIG-<l,MALL) /JRANGE; JlMPB := (IBIG-ISMALL) /KRANG':; 
DELTAR: =JlMPR; { should be less than 0 . 1  *R} 
SU-C : =0 . 0 ;  St.MD: =0 .0 ;  SlME: =0 . 0 ;  
CMSUN: =6. 672041*3 .32958*5. 9742El8 ; { G*Mass of the sun} 
RA.TCMNE : =01.sl.N/CNEAU; { For later use} 
FOR J: =l 'ID JRANGE 00 BEGIN { The  integration in R} 
R:=W-1AI,L+ ( (J-1) *JT..WR) ; RD:=QSMAU,+ (J*J™PR) ; 
RBAR: = (R+ID)/2 . 0 ;  { rrean radial distance to the shell } 
'IWRBAR: =2. 0,/RBAR; { for later use } 
VC IRC: =SQRI' ('IWOOBAR* RA'.I'(M:)t-E/ 2 • 0) ; 
{ '!he  circular velocity at RBAR A.U . ' s } 
VLE'AST:= (Rl'2-l. O ) *VCIRC; {'Ihis is the minirnun relative velocity 
l<.hic:h wc:w.d alla<i an ejection fran the s::>lar system} 
VM)ST : = (R1'2+1 . 0 ) *VCIRC; {Any reletive velocity greater than 
th is must result in an ejection } 
{vcm: & VI.FNrr foc use in the SCATIER procedure } 
FOR K:=l 'ID KRANG': 00 BEGIN { the integration in latitude B} 
B: =ISMALL+ ( (K-l) *JlMPB) ; BD: =ISMALL+ (K*JlMPB) ; 
B : =B*DEX:iRA.D; BD: =BD*DEX:iRA.D; {Convert to ra:Hans} 
Sl :=0 . 0 ;  S2 : =0 . 0 ;  USICC: =0. 0 ;  
Sl : =SPATIAL (Al,El , I l) ; 
IF Sl>O. 0 'lliEN 
S2 : =SPATIAL (A2 ,E2, I2) ; [ Don ' t bother if Sl is zero} 
VOLtJ.1E: =2 .0*PI*RBAR*RBAR*DEL.':mR* (BO-B) *CDS ( (B+BD) /2 .0 ) ; 
IF S2 > 0 . 0  'lliEN \IEIJXITY(USICC ,USIGD ,USIGE) ; 
{ Don ' t  bother if Sl or S2 is zero} 
IF USIO: > 0 .0  THEN BEX;IN { Dc:Xl ' t  bother if ro encounter } 
Cl.M,f'f : =Sl*S2*VCLlME; 
SUC: =StM:+ (DlM-1Y*USICC) ; 
St.MD: =St.MD+ (C(M,ff*USIGD) ; 
StJ.1E: =SlME+ (IXJM,iY*USIGE) ; 
END; 
END; { K loop} 
END; {J  loop} 
r::u,t,1Y :=CNEAU/l000 . 0 ;  
Cl.M,fY : =Cl.M,f'f* r::u,t,1Y* r::u,t,1Y • { One cubic AU in km3} 
Dl : =PI*RA.DlSQ/1000 .0 ;  ( oivide bf 1000 si nce 
velocity in rretres/seoond} 




{ 'Ihe SU-ls are rPW the oollision,deflection and ejection probs/yr . }  
WRITElli; 
1 60. 
CA.SE PtO OF 
l :WRITErn ( 'Mercury' ) ; 
2: WRI'IEIN ( 'Verus' ) ;  
3 :WRITErn ( 'Earth ' ) ;  
4 : WRITErn ( ' Mars ' ) ;  
5 :WRITErn ( 'Jupiter ' ) ; 
6 : WRITErn ( 'Saturn' ) ; 
7 : WRITErn ( 'Uranus' ) ; 
8 : WRI'IEIN ( 'Neptune ' ) ;  
END; { Case } 
IF SlM: > 0. 0 'lHEN BEGIN 
WRITErn ( ' Coll ision Probability = 
WRIIBIN ( ' De f1ectia1 " 
WRITErn ( 'Ejection " = 
I ,ffiM: I I per 
' , SUM), ' per 
' , StME, ' per 
a:>ll ide ' ) ;  
year ' ) ;  
year ' ) ;  
year ' l ;  
END ELSE WRI'I'Elll ( I Cannot 
IF SlM: > 0 . 0  'lHEN BEGIN 
TCP :  =TCP+SlM: ; TOP: =TDP+SlM); 'IEP : ='raP+SlME; 
VREL : = (VMIN+VMI\X) /2 . 0 ;  { an average value} 
QU S (Dl,D2,!XfflY ,MASSl , RADl , VREL , Al) ; { Dl is CliIG,  
ENERG'x'QiANQ: (ll.M.fY ,Dl, D2) ; 
r:u-MY : =ll.M.fY*A2*Sl1'1D; { Fractional energy change per 
VMIN: =VMlN/1000. 0 ;  { in knvs} 
VMI\X : =VMAX/1000 .0;  { in km,ls } 
an IMS :  =CliI™8/D&iRAD; CliIBAR: =CHIBAR/D&iRAD; 
P(l)L [POO] : =6t.JM:; PDEF [POO] : =6t.ND; PEJE [POO] : =6l.JI£; 
MINV[PNJ] :=VMlN; MAXV [PNJ] : =VMAX; DKDl' [PNJ] : =rlff1Y ; 
IEAR [PtO] : =CliIBAR; rnM.S ( PNJ] : =CHI™8; 
END ELSE BEGIN 
PO)L [PNJ] : =0 . 0 ;  PCEF [PNJ] : =0 . 0 ;  PEJE [ Pt0] : =0 . 0 ;  
MINV [P00] : =0 . 0 ;  MIUCV [P00] : =0 . 0 ;  DKDT [P00] : = 0 . 0 ; 
D8AR [Pt0] :=0 . 0 ;  DRMS [ PNJ] : =0 . 0 ;  
END; 
WRITErn (CFIIE , ' Probabil ity ' ) ;  
WRIIBIN (CFIIE , ' (per year) of ' ) ;  
WRITE (CFIIE , ' Coll is ion: ' ) ;  
FCR I : =l TO 8 00 BffiIN 
ll.M.fY : =PCl)L [ I]  ; 
END• I { PID=l to 8} 
IF [LM,fi'> 0. 0 'lHEN WRI'IE ( CFIIE , rlM1Y :  9 , ' ' ) 
ELSE WRI'IE (CFIIB, ' I ) ; 
END; 
WRI'IElli (CFIIB) ; WRITErn (CFIIB) ; 
WRITE (CFIIE , ' Defl ection : ' ) ;  
FCR I : =l TO 8 00 BmIN 
r:u-MY : =PCEF [ I ] ; 
IF IJ.R,l,IY> 0. 0 'lHEN WRI'IE (CFIIE , OOf,f,ff :  9 , ' ' ) 
EI.SE WRI'IE (CFIIB, I I ) ;  
END; 
WRI'IEIN (CFIIB) ; WRI'IEIN (CFIIB) ; 
WRITE (CFIIE , 'Ejecti on :  ' )  ; 
FCR I : =l TO 8 00 BmIN 
ll.M.fY : =PEJE [ I I ; 
IF Cl.M{'f > 0. 0 'lHEN WRI'IE (CFI IE, CXJt+IY: 9 , ' ' ) 
EI.SE WRI'IE (CFIIB, I I ) ;  
END; 
WRI'IElli (CFIIB) ; WRITErn (CFIIB) ; 
D2 is CliID} 
year } 
1 6 1 . 
WRITEW (CFI LE ,  'Velccity (km/s) ' ) ; 
WRI'IE (CFILE, ' Mi n imum: ' ) ; 
FOR I : =l ID 8 ro BEGlli 
DLMM'.i : =M INV [ I ]  ; 
IF UffiY>O. O 'lliI:N WRI'IE (CFILE , ru-MY : 7 : 1 , ' ' )  
ELSE WRI'IE (CFILE, I I ) ; 
!:ND; 
WRITEIN (CFILE) ; WRITEIN (CFILE) ; 
WRITE (CFILE , 'Maximum: ' ) ; 
FCR I : =l 'ro 8 ro BEx:illi 
Cl.Mf{ : � [ IJ ; 
IF tl.J,MY>O. O 'lliI:N WRITE (CFILE , !Xfffi' : 7 : 1 , ' ' )  
ELSE WRI'IE (CFILE, I I ) ;  
!:ND ; 
WRITEIN (CFILE) ; WRI'IEIN (CFILE) ; 
WRITEW (CFILE , 'Fract . Energy ' ) ; 
WRI'IE (CFILE , ' Change (/yr) : ' ) ; 
FOR I : =l ID 8 ro BEG:m 
DlM{{ : =OKDT [ I J ; 
IF P(J)L [I] > O . O  'lliI:N WRITE (CFILE , I:lM1Y : 9 , '  ' )  
ELSE WRI'IE (CFILE, I I ) ; 
!:ND; 
WRITEIN (CFILE) ; WRITEW (CFILE) ; 
WRITEW (CFILE , 'Deflec:tion , ' ) ; 
WRI'IE (CFILE, ' Mec11 (deg . )  : ' ) ;  
FOR I : =l ID 8 ro BEGlli 
IXM{{ : =CBAR[ I ] ; 
IF r:u+tY > 0. 0 'lliI:N 
IF [U,MY>Q. 002 'lliI:N WRI'IE (CFILE , I:OMY : 9 : 3 , ' ' )  
ELSE WRI'IE (CFILE, DlM{'{ : 9 ,  • • )  
EI.SE WRITE (CFILE , ' I ) ; 
END; 
WRITEW (CFILE) ; WRITEIN (CFILE) ; 
WRITE (CFILE , 'RMS (deg .) : I ) ;  
FCR I : =l 'IQ 8 ro Bl:X,lli 
Il.lf,MY : = rnM.5 [ I ] ; 
IF Dl,M,r{> 0 .  0 THEN 
IF r:u+IY>0. 002 'ffiFN WRITE (CFILE ,COMY : 9 : 3 , ' ' )  
ELSE WRI'!E {CFILE, Cl.ffri : 9 ,  • • )  
EI.SE WRITE (CFILE ,  I I ) ; 
!:ND; 
WRI'IELN {CFILE) ; 
WRITEW {CFILE) ; WRITELN {CFILE) ; 
162 .  
WRI'IELN {CFILE , ' **************************************************** ' ) ;  
WRITEW {CFILE , ' * Total Collision Probabil ity = ' ,TCP : 9 , ' per year * ' ) ;  
WRI'I'Elli (CFILE , '  * 11 Deflection 11 " = ' ,TDP : 9 , '  11 " * ' ) ; 
WRI'I'Eill {CFILE, ' * 11 Ej ection 11 " = ' , TJ:l> : 9 , '  " " * ' ) ;  
WRI'IELN (CFILE , '  ************* *************************************** ' ) ; 
FOR K : =l ID 4 ro WRITEW (CFILE) ; 
CIDSE {CFILE) ; 
END. { of program rnE } 
APPENDI X  2 
AS �ERO I D  COLLI S I ONS W I TH THE TERRESTRI AL 
PLANETS 
16 3 .  
This appendix consists o f  a paper entitled 
' Collisions in the solar system. I. Impacts o f  the Apol lo­
Arror-Aten asteroi ds upon the terrestri al planets ' wri tten in 
con j unct ion wi th W . J .  Baggaley. It has been accepted for 
publicat ion in the Monthly Noti ces of the Royal Astronomi cal 
Soci ety . An ex tensi ve appendix to this paper has been 
wholly incorporated into chapter 2 of this thesis and is  
not repeated here . 
This is the f irst of a series of papers using the 
techniques described in  this thesis . The second paper 
( in preparat ion ) will complete the analysis of asteroi d  
coll isions with the terrestri al planets b y  consi dering 
impacts upon Mars by asteroi ds other than the Apo l lo-Amor-
Aten ob j ects. By comb ing various catalogues and the monthly 
Minor Planet Circul ars I have compiled a list o f  over 2 50 
asteroids which cross the present orb i t  of Mars : no 
pub l ished up-to-date list exists . The frequency o f  close 
encounters w ith Mars is of immense i mportance regarding the 
supply and loss of asteroi ds from the main belt , and hence 
their appearance in eccentric planet-crossing orb its . 
COLLISIONS IN THE SOLAR SYSTEM. I .  
IMPACTS OF THE APOLLO-AMOR-ATEN ASTEROIDS 
UPON THE TERRESTRIAL PLANETS 
Summary 
Duncan I. Steel and W.J. Baggaley, 
Department of Physics, 
University of Canterbury, 
Christchurch, New Zealand. 
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The collision probability between each of the 
presently-known population of 4 Aten, 34 Apollo and 38 Amor 
asteroids and each of the terrestrial planets is determined 
by a new technique. The resulting mean collision rates, 
coupled with estimates of the total undiscovered population 
of each class, is useful in calculating the rate of removal 
of these bodies by the terrestrial planets, and the 
cratering rate on each planet by bodies of diameter in 
excess of 1 kilometre. The influx to the Earth is found 
to be one impact per 160, 000 years, but this figure is 
biased by the inclusion of four recently-discovered low­
inclination Apollos. Excluding these four the rate would 
be one per 250, 000 years, in line with previous estimates. 
The impact rate is highest for the Earth, being around 
twice that of Venus. The rates for Mercury and Mars using 
the present sample are about one per 5 Myr and one per 
1. 5 Myr respectively. 
1. In tI'odu c t i on 
Over the pa st two decades our knowledge of the 
asteroids has expanded greatly. Physica l studies of 
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these bodies, reviewed by Chapman e t  a l  (19 78), Cha pman (198 3) 
a nd in Gehrels (19 79), have shown that distinct groups of 
common genesis exist. Studies of the dyna mics of a steroids 
have shown many clusters in the orbita l elements, commonly 
known a s  asteroid families. Commensura bilities, in 
particular with Jupiter, lead to the a bsence of a steroids 
at certain solar distances known a s  the Kirkwood Gaps, 
and these have been the subj ect of intense study. 
Although the vast ma j ority of a steroids inhabit 
the region entirely bounded by the orbits of Mars a nd 
Jupiter, there is a significant popula tion which crosses 
the orbits of the terrestrial pla nets. Wetherill (19 76) 
estimates that 30, 000 ± 50% larger than 1 km may cross 
Mars ' orbit, although Helin and Shoema ker (19 79) give a 
figure of 10, 000 ± 50%. 
Asteroids of large semi -ma j or a xis whose paths 
ta ke them closer to the sun than 1. 016 7 A. U. (i. e. Earth­
crossers) are termed Apollo obj ects. A different type of 
Earth-crosser is an a steroid of the Aten cla ss ; these have 
semi-ma j or axes a <  1 A. U. but a phelion distance 
q' > 0. 98 3 3  A. U. (The Earth's orbita l eccentricity of 
0. 016 7 means tha t it ha s perihelion distance 0. 98 3 3  A. U. 
and aphelion dista nce 1. 016 7 A. U. ). Another class of 
asteroid, the Amor obj ects, are arbitrarily selected by 
dint of having perihelion distance 1. 016 7 < q < 1. 3 A. U. 
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Many Amor asteroids are known to have orbits which will 
evolve so that they become Earth- cros sers, and would then 
be clas sed as Apollos (Shoemaker, Williams ,  Helin and Wolfe , 
19 79; hereafter SWHW) . 
There are two main reasons why the collision probability 
between the Apollo-Amor-Aten asteroids and each of the 
terrestrial planets is of interest. The first is as an 
estimate of cratering rates for each planet, and for the 
moon. This requires an estimate of the total population 
of each clas s; Helin and Shoemaker ( 19 79) find the numbers 
to absolute visual magnitude V ( l , O) = 18 to be: 
100 Atens; 
700 ± 300 Apollos; 
1000 - 2000 Amors; 
10000 ± 5000 Mars-cros sers; and 
� 5000 ' Mars-grazers' . 
Conversion fran a visual magnitude to a physical size is 
severely dependent upon the assumed albedo , but these might 
be taken to be asteroids of diameter 1 kilometre or greater 
(Wetherill, 19 76) . 
The methods of searching for planet- crossing asteroids 
have a large effect upon the deduced population; the above 
figure assumes that only of the order of one in twenty 
Apollos has yet been discovered . The methods for making 
the estimates have been dis cus sed by Wetherill ( 19 76) and 
criticized by Kre sak ( 19 7 8a, 1981) , who finds that only 
about 250 Apollos should exist. There is also some 
disagreement between lunar and terrestrial cratering rates 
and the expected rate from the Apollo -Aten population 
( SWHW) 
The second reason that the collision probability 
of the Apoll o -Amor -Aten objects is of interest is in 
deducing their lifetimes and hence production rate. 
Although asteroid belt collisions are the most significant 
f or the Apollos and Amors, the loss rate due to planetary 
collisions in the inner solar system is also appreciable. 
Previous estimates for their dynamical lifetimes are of 
the order of 2 x 1 07 years (Wetherill, 1967, 1 976, 1 979; 
Tedesco e t  a l . , 1 981 ). This is much shorter than the age 
of the solar system so that a continuous production is 
required. Possible sources are the asteroid belt, where 
close encounters might throw the colliding objects into 
eccentric orbits, or extinct cometary nuclei. The latter 
is generally favoured (SWHW; Wetherill, 1 979 ) although 
this has been disputed (Levin and Simonenko, 1 981; Kresak, 
1981 ). The overall knowledge of the asteroid population 
has been reviewed by Hughes (198 1 ). 
167 .  
A few more pertinent points can be made here. Since 
asteroid searches tend to be carried out close to the 
ecl iptic pl ane, a bias towards low-inclination objects 
exists in the discovered population. These also have 
the highest collision probabilities with the planets, so 
that the overall distribution may have a lower mean collision 
rate than that deduced by previous researchers, and herein. 
This problem has been studied by Knezevic (1982 ) .  
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The asteroid and comet influx to the Earth has 
also received much attention over the past few years as 
an explanation for mass extinctions of terrestrial biota 
Napier and Clube, 1979 ; Alvarez e t  a l , 1980). I n  particular 
recent speculations have suggested a 26 Myr cyclicity to 
cometary waves entering the inner solar system (Rampino and 
Stothers, 1984; Whitmire and Jackson, 1984; Davis e t  a l , 1984). 
This period is comparable to the dynamical lifetimes of 
the planet-crossing asteroids . I f  these asteroids are 
really extinct cometary nuclei then it is seen that 
possibly the present Apollo-Amor-Aten objects are not 
indicative of a steady-state population, but are merely 
the remnants of a previous cometary wave . This has been 
discussed in some detail by Clube and Napier (1982 ; 1984) 
I t  is the aim of this paper to make an estimate, 
using a new method, of the Apollo-Amor-Aten collisional 
lifetimes, and of the impact rate with each of the 
terrestrial planets . The presently-discovered populations 
(4 Atens, 34 Apollos, 38 Amors) are taken to have orbital 
distributions typical of each class . The total populations 
are taken to be 100 Atens, 700 Apollos and 1500 Amors, 
following Helin and Shoemaker (1979), Wetherill and Shoemaker 
(1982) , and Shoemaker (1983) . 
2 .  Co l l i .,; 1: o n a l p r' o b a lJ i l 1: t y  <'a l c 11 l a t i a 11 
Previous techniques for evaluating collision probabilities 
have been derived from those of Opik (1951 , 1963, 1966) . 
Opik took one of the orbiting objects (i . e .  the Earth) to 
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have a circular orbit . Wetheril l  (196 7 )  general ized th is 
method to cover the case where nei ther orbit has zero 
eccentrici ty, and SWHW have also developed th is theory. 
Arnold ( 1965a, b)  used Opik ' s  equations in a Monte Carlo 
simulation, and recently Z imbelman (1984 ) has used numerical 
averaging of the equat ions to deduce col l ision probabil ities 
between long-period comets and each of the planets. 
The problem of Earth-orbit ing artificial satel l ites 
led Kessler and Cour-Palais (1978 ) to develop a method based 
upon the concept of the 'spatial density ' of each obj ect 
(the number of obj ects per unit  volume, on average ) . In 
an important paper Kessler (1981 ) outl ined th is method and 
appl ied it to the outer moons of Jupiter, showing that the 
four prograde moons had self-col l isional l ifetimes much 
shorter than the age of the solar system. Since Kessler's 
technique has escaped general notice, h is method has been 
expanded and detai led in an Appendix to th is paper . The 
method, wh ich is analagous to the k inetic theory of gases , 
is extremely powerful and has wide general use It  is 
based upon the fact that the col l ision probabi l i ty between 
two ob jects is given by: 
6U . 
J 
where the summation is performed over al l volume elements 
6U . wh ich are accessible to both bodies. The mean relat ive 
J 
velocity at the posit ion of the volume element is v . ,  the 
J 
mean co ll ision cross-section is o .  ( a  function of velocity, 
J 
due to gravitational focussing ) ,  and the mean spatial 
densities at th is position are s
1 j 
and s2j . These latter 
parameters are derivable from a generalization of Opik' s 
formulae, being dependent upon the semi-major axis (a), 
eccentricity (e) and inclination (i) of each of the two 
orbits. The argument of periapsis for each body is taken 
to be random: precession and secular perturbations lead 
to a variation in the argument of periapsis on a time­
scale which is short compared to dynamical lifetimes 
(Opik, 19 5 1; SWHW) . It is also assumed that the two 
objects do not avoid each other due to long-lived com­
mensurabilities. Details of each step, and the method 
of numerical computation , are given in the Appendix . 
3 .  Co l l i s i o n  p r o b a b i l i t i e s  fo r t h e  Ap o l lo -Amo r - A t e n  
A s tero ids  
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The collision probabilities with each of the 
terrestrial planets for the Aten, Apol lo and Amor asteroids 
are shown in Tables 1, 2 and 3 respectively . The method of 
calculation was as described in the Appendix . The planetary 
mean orbital elements were taken from the Explanatory 
Supplement (19 7 4) and the physical characteristics (mass 
and radius) from Smith and West (19 83) . The asteroidal 
mass and radius are insignificant in this respect . 
Since it is desirable to have as large a sample as 
possible, several recently discovered (and hence un-numbered) 
Apollos and Amors have been included . Most of these would 
become named and numbered asteroids as soon as the orbit 
is known sufficiently wel l  to permit recovery at any future 
171. 
date. This means that the orbital elements (a, e,i) used 
here might be considered to be imprecise for individual 
asteroids. However, since all that is required is an 
estimate of the dynamical lifetimes of the planet -crossing 
bodies, the uncertainties in the orbits are of no major 
consequence. An exception to this comment would be a 
preliminary orbit which erroneously gave a very small 
inclination, or a perihelion/aphelion close to one of the 
planets, since then the calculated collision probability 
would be considerably enhanced. In fact, search techniques 
favour the discovery of such objects. 
The orbital elements used, and listed in Tables 1 -3, 
were taken variously from the TRIAD file (Bender, 19 79), 
the Minor Planet Circulars, the Ephemerides of Minor Planets, 
and the Palomar -Leiden Survey (van Houten e t  a l , 1 9 70) . 
The four known Aten asteroids (Table 1) do not cross 
the orbit of Mars, although an Aten of high eccentricity 
(e > 0. 7) could do in principle. Three of these bodies 
were l isted by SWHW. They calculated impact probabilities 
. . 
with the Earth using the equations of Opik (195 1), and by 
their own derivative of that method. Three sets of results 
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SWHW cautioned against the approximations used in 
Opik 's original derivation, and thus their own limited 
method. The more precise results obtained in this paper, 
using a method of wider general use, are seen to be in line 
with the previous estimates of SWHW. 
Of the 34 Apollos in Table 2, 5 cross the orbit of 
Mercury, 15 that of Venus, and all but one are Mars -crossers. 
It is seen that the majority of Apollos having very high 
collision probabilities with the Earth are recent dis­
coveries. This is discussed in more detail later. 
Especially anomalous in this respect is 1982DB, oot­
entially the closest of the Apollos (H elin e t  a l � 1984; the 
orbital elements given in that paper were in error). Not 
only does 198 2 DB have a small inclination but also its 
perihelion distance (q � 0. 95 A. U. ) makes an Earth-collision 
especially likely. With reference to the technique used 
here, as described in section 2 above and in the Appendix, 
this is seen to be because the mean spatial density of 198 2 DB 
is very much enhanced at 1 A. U. , and close to the ecliptic. 
The collisional lifetime of 198 2 DB against an impact with 
the Earth (or Mars) is therefore only about 15 Myr; the 
dynamical lifetime, for severe orbital disruption by a 
planet or collision with belt asteroids, is of course very 
much shorter. 
For those asteroids which were also included in 
the list of SWHW, in some cases updated orbits have been 
used here. Therefore a direct comparison of results is 
not possible for every asteroid, but in general comparable 
orbital elements render comparable collision probabilities. 
From those asteroids for which the elements used here and 
by SWHW are basically the same, the following have been 
selected as examples of Earth -impact probabilities: 
P .  (Opik) 
l 
P .  (SWHW) 
l 
P .  (this 
l 
paper) 
(All per 109 years) 
Icarus 1. 6 2.0 1. 8 
Daedalus 1.0 1. 6 1. 3 
Cerberus 2.5 3.1 3. 1 
Hermes 2.2 3. 7 3.5 
Midas 3.8 0. 7 0. 7 
Tantalus 2.5 1.5 2.5 
Table 3 shows the collision probabilities with 
Mars for 38 Amor asteroids. Since the method used in 
this paper utilizes osculating orbits, no account is taken 
of the gradual evolution of the Amor orbits due to secular 
perturbations. Thus only Mars of the terrestrial planets 
has a non -zero collision probability. In fact Earth -
approaching asteroids can evolve into Earth -crossers 
(i.e. Amors evolve into Apollos) on a time scale of only 
- 10� years (Wetherill and Williams, 1968; Marsden, 19 70; 
Wetherill and Shoemaker, 1982). About half of the Amors 
become Earth-crossers at some stage, the majority of 
these being shallow crossers (SWHW). This would imply 
and 
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an asteroidal perihelion close to 1 A.U. ,/consequently an enhanced 
spatial density and collision probability with the Earth, 
as illustrated by the note concerning 1982 XB in Table 3. 
SWHW found a mean collision probability with the Earth 
of - 1 x 10- 9 per year for a population of - 500 Earth­
crossing Amors. This compares with their value of 2. 6 x 
10- 9 f h 11 ' d  per year or t e average Apo o astero1 . 
In the same way as some Amor asteroids are Earth­
crossers for part of the time, the converse is true for 
some Apollos. These may oscillate in semi-major axis 
such that in some epochs a >  1. 0167 A. U.  and they would 
then be classified as Amors. The distinction is seen to 
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be arbitrary and the p ar t i t i o n  between the three 
classifications in the present set is assumed to be much the 
same as in any other epoch. The time-variation in n um b e r  
of these objects is discussed later. 
An additional point from Table 3 is that the 
preliminary orbits of 1982 YA and 1983 SA give these 
aphelion distances of 5. 09 and 7. 25 A. U. respectively, so 
that they are Jupiter-crossers. This results in a 
huge collision probability with Jupiter, especially so 
for 1982 YA since it has aphelion between the Jovian 
orbital extremes. Even though only 2 of the 38 Amors 
cross Jupiter, the mean planetary collision probability 
for the whole set is totally dominated by the giant planet. 
The lifetime against collision with Jupiter is about 10 Myr 
for 1982 YA and 40 Myr for 1983 SA : since a close approach 
resulting in gross orbital disruption is at least - 10 3 
times more likely (Weidenschilling, 19 75) , these two 
objects have lifetimes against catastrophic disruption by 
Jupiter of only - 10� years. It must be reiterated that 
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thi s  as sumes that : (i) the prel iminary orbital elements 
are rea sonably preci se ; (ii) preces s ion occurs at such a 
rate that the argument of perihel ion can be taken to be 
random; and (i i i) the asteroids do not avo id Jupiter 
due to commens urabilities or other causes. 
4.  D i s c u s s i o n  
Table 4 shows the mean coll is ion probabil ity (per 
1 0 9 years) for the separate Aten /Apollo/Amor categories 
against each of the terrestrial planets. It is  u seful to 
compare these results against those of SWHW who calculated 
the Earth-Col l i s ion rates .  
As indicated prev iously, the agreement i s  excellent 
for the Aten astero ids. Although the mean impact probabil ity 
here is  P .  = 22 x 1 0- 9 col l i s ions per year (spread o 1 i n-
= 26 x 1 0-� the unbiased estimate of the standard deviation 
of the probabil ities for all four Aten astero ids) compared 
to 9. 1 x 1 0 - 9 by SWHW, the discrepency i s  mainly due to 
the inclus ion of the low-incl ination obj ect 195 4 XA. For 
the other three Atens the mean co l l i s ion rate i s  9 . 6  x 10 - 9 
per year. 
For the Apol los SWHW found a mean Earth- impact 
probabil ity of 2. 6 x 10- 9 per year, whereas here the value 
is 5. 8 x 1 0- 9 per year (spread 1 1 . 3  x 1 0- 9 ) .  The major 
reason for the difference, and the large spread , i s  the 
inclusion here of several recently - discovered Apollos 
having large col l i s ion probabil ities (in particular 1979 VA , 
1982 DB , 1982 HR, and 1983 LC) . It mu st be emphasi zed 
that these astero ids have orbits which are not 
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yet well-determined, and which may have been preferentially 
discovered due to their low-inclination, Earth-approaching 
traj ectories. If these 4 asteroids were rejected from 
the sample, the remaining 30 Apollos have a mean collision 
probability P .  � 2. 9 x 1 0 - 9 per year, in good agreement 
l 
with SWHW . 
The only numbered asteroid to have an obviously 
high impact probability is (21 0 1 ) Adonis which has an 
inclination of only 1 � 36. The collision probability of 
1 1 . 5  x 1 0- 9 per year compares with the values calculated 
by SWHW of 2. 9 x 1 0- 9 by Opik ' s  method and 6. 3 x 1 0- 9 by 
their own method. However, the eccentricity used by 
SWHW was different to that used here, or given in the 
TRIAD file (Bender, 1 97 9) .  
Using the previously-stated assumed total population 
of each class , a net influx of asteroids larger than 1 km 
can now be found for each planet; the f igure for Mars will 
only include the Apollo and Amor contributions, these 
being but a small fraction of all Mars-crossers . 
Two of the 4 Atens and 5 of the 34 Apollos can 
cross Mercury, so that in total about 50 Atens and 1 0 0  
Apollos can do likewise. Using the mean impact probabilities 
from Table 4 the net impact rate is (2.4 x 50 + 1. 0 x 1 0 0 ) 
per 1 0 9 years, or 1 per 4 or 5 Myr . This figure 
is of statistical value only . It is probably correct 
to within a factor of 3 or 4 .  No account can be taken of 
any hypothetical asteroids of low eccentricity and small 
semi-major axis since these have a low chance of discovery 
from the Earth. The above figure could now be used to 
find a cratering-rate. T he crater produced by a 1 km. 
impacting object of course depends upon the incident 
velocity and local physical parameters such as the target 
material and acceleration due to gravity, as discussed by 
SWHW, and elsewhere ; this facet is not covered here. 
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If a cometary wave were to boost the number of planet­
crossing asteroids, those which crossed Jupiter would be 
rapidly removed and would not make a significant contribution 
to impacts upon the terrestrial planets. Therefore the 
orbital di s t r i bu t i o n  of Apollo -Amor -Aten objects would not 
change appreciably from that present soon after such a 
wave, although the numbe r would soon tail off. It has 
been assumed for the purposes of this paper that the 
present set of elements is not atypical of the orbital 
distribution at any other instant in time, and a simple 
scaling for the mean number over a long time -base could 
therefore be applied. SWHW find evidence from the 
lunar and terrestrial cratering record that the present 
number of Earth-crossers is larger than the mean over the 
past 3. 3 billion years, contradicting any steady-state 
assumption and indicating a recent enhancement. This 
is in line with the suggestions of Clube and Napier 
(198 2; 1984) who argue for periodic replenishment of the 
Apollo-Amor-Aten population due to large 
increases in the cometary influx. T he Earth -impact rate 
found here is higher than that of SWHW , which means that 
the discrepency between the calculated rate and the 
crater record is increased. This would imply that the 
present population o f  Earth -crossing asteroids is 
above the long -term average; however, in view o f  the 
influence o f  the few low -inclination asteroids, such 
a deduction must be extremely tentative . 
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Following a similar treatment for the other planets 
these impact rates are derived: 
Planet Mean imeact rate for all asteroids 
Mercury 1 per 5 X 106 years 
Venus 1 per 3 X 1 05 years 
Earth 1 per 1. 6 X 105 years 
Mars 1 per 1. 5 X 106 years 
Note that the figure for Mercury takes no account 
of  possible asteroids in small (a,e) orbits. The Martian 
impact rate is that for 700 Apollos and 1 500 Amors only ; 
the large number o f  Mars-crossers has not been considered 
but will be the subject of a later paper. 
The resultant impact rate upon the Earth of 
asteroids larger than 1 km in diameter is therefore found 
to be about 6 per million years, whereas Wetherill and 
Shoemaker (1982) report 3 per million years. This 
doubling is clearly due to the influence o f  the recently­
discovered low-inclination Apollos (1979 VA, 1982 DB, 
1 982  HR, and 198 3  LC). Future refinement of  our knowledge 
of the orbital parameters of these obj ects may decrease 
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the col lision rate found above . This might also come about 
if more asteroids away from the ecliptic were discovered, 
rel iev ing any bias in the present sample . Clearly the 
col l ision rate of 6 per million years (reducible to 4 per 
mil l ion years by the rejection of the 4 Apollos mentioned 
above) should be considered a maximum, unless systematic, 
unbiased searches show that a l arge fraction of planet­
crossing asteroids are of low inclination . 
The above estimate of the Earth-impact rate used 
an assumed population identical to that of Wether il l and 
Shoemaker (1982); Kresak (1981) found that a much smal ler 
population ex ists, although he f inds that only - 20% of 
Apollos are extinct cometary nuclei, against the general 
belief . By study ing recent close approaches to the Earth 
of asteroids and comets, Kresak (1978b, c) determined a 
col lision rate of only 1 per 1 or 2 Myr for bodies larger 
than 1 km . This is an order of magnitude less than the 
rate deduced here . The contribution of active comets to 
the overal l impact rate is small . 
The lifetimes of the various asteroid cl asses against 
disruption by close encounters with the terrestrial planets 
can also be determined . For the 4 Aten asteroids, on the 
average they have 43 col l isions per 10 9 years so that their 
collisional lifetime (for collisions with the terrestr ial 
planets) is - 2 . 5  x 10 7 years . Since these do not cross 
the astero id belt, this is an estimate of their total 
coll isional l ifetime . 
The 34 Apollo asteroids have on average 8 . 7 collisions 
per 10 9 years, and a planetary-collision l ifetime of - 10 8 
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years . Similarly the 38 Arnors have 0 . 29 collisions (with 
Mars only) per 10 9 years, and hence a collisional lifetime 
of - 3 x 10 1 0  years . Of course the Apollos and Amors in 
general cross the asteroid belt where - 6 . 6  x 10 5 large asteroids. 
are available for collision (Helin and Shoemaker , 19 79); 
some can also intercept Jupiter . These two factors dominate 
their collisional lifetime , and will also be the subjects 
of future papers . Wetherill (19 76) found a net lifetime 
of - 2 x 10 7 years for the Apollos and - 2 x 10 8 years for 
the Amors . 
For the Atens , Apollos and Amors , the lifetimes 
above are only for imp a c t s  with the terrestrial planets . 
Large perturbations due to close but non-collisional 
encounters will be much more frequent , resulting in severe 
orbital disruption (Weidenschilling , 19 75) . 
6 .  Co n c l u sio n s  
The collision probabilities between the presently­
known Apollo-Amor-Aten asteroids and each of the four 
terrestrial planets have been used to deduce collision 
rates by asteroids of diameter greater than 1 km for each 
planet . The rate is found to be highest for the Earth , 
with one collision per 160, 000 years . For Venus the rate 
is half of this , and is at least an order of magnitude 
less for Mercury and Mars. The total collision rate for 
Mars would be much higher since no account is taken of the 
large population of Mars-crossers . The rate for Mercury 
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would also be higher i f  there were a signi ficant undetected 
population of asteroids towards its orbit. These figures 
should be treated with caution since they are biased towards 
a high impact rate by the recent discovery of several Apollo 
asteroids of very low inclination, so that the small sample 
used here is probably not indicative of the entire population. 
The lifetimes of these asteroids against collision 
with any of the terrestrial planets is - 2 . 5xl07 years for the 
Atens, - 1 08 years for the Apollos, and - 3 x 101 0  years 
for the Amors . For the Apollos and Amors the actual 
collisional lifetime would be dominated by collisions 
with other minor bodies or the Jovian planets; this is not 
so for the A tens . These f igures should again be viewed 
with discretion due to the small, and probably biased, 
asteroid sample . Future discoveries of planet-crossers 
will allow these results to be re -assessed .  
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Tab l e 1 :  The Aten Astero i ds 
EL EMENTS COLL I S I ON PROBAB I L ITY P E R  1 0 9 ORB I TS 
N UMBER NAME 
a = ( A . U . ) e = i = ( de g rees ) P= (yea rs ) MERCURY VENUS EARTH 
2340 Ha th o r  0 . 8439  0 . 44 98 5 . 86 0 .  7 7 5  3 . 23 1 5 . 4 1 1 . 4 
2 1 00 Ra -S h a l om 0 . 8 32 1 0 . 4 364 1 5 . 7 6 0 . 7 59 0 . 44 5 . 73 4 . 64 
2062 Aten 0 . 9665  0 .  1 82 6  1 8 . 94 0 . 9 50 7 .  6 1  
1 9 54XA 0 .  7 772  0 . 3454 3 . 9 3 0 . 68 5  35 . 5  4 1 . 2  
18 7. 
Tabl e 2 :  The Apol l o  Astero i ds 
ELEMENTS COL L I S I ON PROBAB I L I T Y  PER 1 0 '  ORB ITS  
Number NAME 
a = (A . U . )  e = i = ( degrees )  P= (year s )  MERCURY , VENUS EARTH MARS 
1 983TB 1 . 2 7 1 5  0 . 8903 2 2 . 04 1 . 4 34 1 .  7 1  3 .  1 6  1 .  98 0 . 2 5 
1 566 lea rus 1 . 0779 0 . 8268 2 2 .  9 1  1 . 1 1 9  1 .  69 3 . 1 0  1 .  98 0 . 27 
221 2 Hepha i s tos 2 . 1 637  0 . 835 1  1 1 . 89 3. 1 83 2 . 82 5 . 63 3 . 3 5 0 . 39 
1 9 74MA 1 .  77 52 0 . 7620 37 . 79 2 . 365 1 . 0 3  2 . 35 1 .  33 0 . 1 5  
2 1 0 1 Adoni s 1 . 8749 0 . 7638 1 .  36 2 . 567 2 . 84 20 . 5  29 . 6  3 . 00 
l 982TA 2 .  3030 0 . 7 7 1 0  1 2  . 1 2  3 . 495 6 . 24 3 . 45 0 . 38 
1 864 Daeda l u s  1 . 4609 0 . 6 1 48 2 2 .  1 6  1 .  766 4 . 20 2 . 24 0 . 25 
1 865 Cerberus 1 . 0801 0 . 4669 1 6 .09 1 .  1 23 6 .  1 1  3 . 5 3  0 . 45 
Hermes 1 . 6 393 0 . 6236 6 . 22 2 . 099 1 5 . 8  7 . 34 0 .  7 7  ( 1 937 UB )  
1 981 M idas  1 .  7 7 59 0 . 6499 3 9 . 84 2 . 367 3 . 63  1 .  54  0 . 1 6  
2201 1 947XC 2 .  1 734 o. 7 1 1 8  2 . 5 2 3 .  204 3 1 . 9 1 7 . 2 2 . 1 5  
1 981 VA 2 .  4600 0 . 7439 22 . 02 3 . 858 4 . 8 5  2 .  1 6 0 . 22 
1 862 Apo 1 1  o 1 . 4 7 1 2 0 . 5600 6 . 3 5 1 .  784 1 8 . 1 7 . 67 0 . 79 
1 979XB 2 . 2624 0 . 7 1 33 24 .87  3 . 403 4 . 96 2 . 02 0 . 20 
2063 Bacchus 1 . 0776  0 . 3495 9 . 42 1 . 1 1 9  26 . 5  7 . 49 0 . 60 
1 983LC 2 . 6 3 1 6  0 . 7092 1 .  5 2  4 . 269 32 . 2  3 .  1 8 
1 685 Toro 1 . 3672 0 . 4359 9 . 3 7 l .  599 6 . 74
1 0 .  6 1  
2 1 35 Ari s taeus 1 .  5996 0 . 5037 23 . 04 2 . 023  2 . 92 0 . 2 5  
6743P-L 1 . 6805 0 . 5237 7 . 90 2 . 1 7 9 7 . 54 0 . 62 
1 983VA 2 . 6 1 4 3  0 . 6925 1 6 . 2 5  4 . 227  3 . 4 5 0 . 29 
1 982HR 1 . 2 1 00 0 . 3227 2 . 69 1 .  331 3 1 . 7 3 . 30 
2329 Orthos 2 . 4042 0 . 6586 24 . 39 3 .  7 28 2 . 64 0 . 22 
1 983TF2 l . 3428 0 .  3871 7 . 84 1 .  556 9 . 4 8 0 . 79 
1 620 Geographos 1 .  2446 0 . 3355 1 3 . 32 1 .  389 6 . 24 0 . 87 
1 866 S i syphus l . 8930 0 . 5394 41 . 1 5  2 . 605 2 . 51
2 0 . 1 8  
1 97 3NA 2 . 4272  0 . 6381 68 . 00 3 . 78 1  2 . 30 0 . 1 6  
l 978CA l .  1 248 0 . 2 1 48 26 . 1 2  1 .  1 93 5 .  3 1  
1 863 Anti nou s 2 . 2602 0 . 6065 1 8 . 42 3 . 398 4 .  1 2  0 . 28 
2 1 02 Tanta l u s  1 . 2900 0 . 2984 64 . 02 l . 465 3 . 66 0 . 52 
1 98288 1 . 4070 0 .  3 548 20 . 94 1 .  669 5 . 1 6  0 . 3 5 
6344P-L 2 . 61 86 0 . 64 1 1  4 . 65 4 . 2 37 20 . 0  1 . 02 
1 98208 1 . 4893 0 . 3602 1 . 42 1 . 81 8  1 1  � . 0  3 . 7 9 
l 9 79VA 2 . 6354 0 . 6273  2 . 78 4 . 2 78 7 1 . 5 1 .  90 
1 9500A 1 .  6834 0 . 5020 1 2  . 1 5  2 .  1 84 5 . 52 0 .  42 
Notes ( l ) Toro has  a commensurab l e  mean mot i on w i th the Earth , precl ud i ng a col l i s i on i n  the present 
epoch  ( I p and Mehra , 1 9 73) . However ,  cl ose encounters w i th Ma rs wi l l  d i sp l ace Toro f rom th i s 
resonance w i t h i n  about 3 x 1 06 yea rs , so that  the col l i s i on probab i l i ty g i ven i s  l a rge l y  
unaffected ( W i  1 1 1  ams and Wetheri 1 1 , 1 9 7 3 ;  Shoemaker �. , 1 979 ) . 
( 2 )  1 866 i s  a doubtful Earth-cros ser ( Shoemaker �- , 1 979 ; Shoema ker 1 983 ) .  
( 3 )  The orb i t  o f  1 9 59LM 
i nc l uded here .  




1 9 1 7  
1 943 
1 9 1 5  
1 980 






7 1 9  
1 036 
2 368 
1 9 1 6 
2059 
Notes  ( 1 )  
( 2 ) 
( 3 ) 
( 4 )  
188. 
Tabl e 3 : The Amor Astero i ds 
ELEMENTS COL L I S ION PROBAB I L I TY PER 
NAME 
1 982XB 






Que tza 1 coa U 
1 983RD 
1 98 1 QB 
Tezcat l l poca 
Amor 
1 983RB 
l 97 2 RB 




Betul i a  
I var  
1 982RA 
l 97 7VA 
E ros 
4788P-L 
1 98 1 CW 
1 98 1 QA 
Al bert 
l 983LB 








1 9 79QB 
1 980WF 
a = (A . U . )  e = 
1 . 837 9  0 .  4458 
2 . 4783 0 . 5855 
1 . 925 3 0 . 4 585 
2 . 2547 0 . 5372 
1 . 89 1 5 0 . 44 3 5 
2 .  1 488 0 . 5048 
1 . 4 307 0 . 2550 
2 . 5285 0 . 5 77 3 
2 . 0888 0 . 4853 
2 . 2 39 1  0 . 51 8 1 
1 . 7095 o. 3551 
1 . 9205 0 . 4 343 
2 . 22 33 0 . 5070 
2 . 1 487 0 . 4875  
2 . 4949 0 . 5578 
2 . 032 9 o .  4571  
3 . 1 030 0 . 5409 
2 . 2898 0 . 5 1 24 
2 . 1 957 0 . 4895 
1 . 85 36 0 . 3959 
1 . 5748 0 . 2838 
1 . 8545 0 . 3939 
1 . 4 583 0 . 2229 
2 . 6 1 1 7  0 . 5587 
1 . 8 779 0 . 3 587 
2 . 1 5 1 5 0 . 4486 
2 . 5839 0 . 5404 
2 . 2909 0 . 4786 
4 . 2292 o. 7 1 4 7  
1 . 8 1 53 0 . 32 1 2 
2 . 6625 0 . 5374 
2 . 1 04 1 0 . 4 1 32 
2 . 2 7 28 0 . 4499 
2 . 6252 0 . 5 2 59 
2 .  1 024 0 . 3946 
1 .  75 1 7 0 . 2 777  
2 . 33 00 0 . 44 23 
2 . 2 308 o .  5 1 41  
1 0' ORB I TS  
i = ( deg rees ) P= (year s )  MARS 
3 . 88 2 . 49 2 1 .  37
1 
1 5 . 54 3 . 90 1 0 . 329 
2 .  1 5 2 . 574 3 . 2 2 
3 . 74 3 . 408 1 .  37 
4 . 1 8 2 . 501 1 .  2 7 
2 3 . 99 3 . 1 50 0 . 258 
8 .  70 l .  7 1 1  o .  9 1 1 
20 . 50 4 . 02 1  0 . 274 
9.  51  3 . 01 9 0 .  543 
37 . 1 5  3 . 351 0 . 2 1 0  
2 5 . 85 2 . 2 3 5 0 . 288 
1 1 . 89  2 . 552 0 . 45 3 
1 9 . 4 3 3 . 3 1 5  0 . 300 
5 .  2 1 3 .  1 50 0 . 993 
9 . 2 5 3 . 94 1  0 .  545 
5 . 93 2 . 899 0 . 885 
3 3 . 22 5 . 455 0 . 2082 
8 . 7 9 3 . 455  0 . 588 
52 . 03 3 . 255 0. 2 1 1  
8 . 44 2 . 544 0 . 55 1 
32 . 98 1 .  975 0 . 325 
2 . 97 2 . 545 2 . 03 
1 0 .83 1 .  7 51 0 . 82 5 
1 0 .  96 4 . 22 1 0 . 480 
4 . 78 2 . 5 73 1 . 24 
8 . 4 1 3 . 1 56 0 . 66 1 
1 0 . 82 4 .  1 53 0 . 502 3 
25 . 40 3 . 467  0 . 282 
30 . 78 8 . 697 0 . 2 304 
2 . 28 2 . 446 3 . 57 
2 6 . 4 5  4 .  344 0 . 2 79 
5 . 26 3 . 052 1 . 1 2 
1 2 . 84 3 . 4 26 0 . 486 
1 0 . 99 4 . 25 3 0 . 528 
24 . 99 3 . 048 0. 344 
20 . 07 2 . 3 1 8 0 . 449 
3 . 38 3 . 557 1 .  98 
6 . 4 1  3 . 33 2 0 .  788 
The me thod used to determ ine the col l i s i on probab i l i ty { f i ni te vol ume e l ement s )  l eads to a 
non-zero resul t for 1 982 XB , wh i ch has a peri hel i on of 1 . 0 1 57 3 compared to the Ea rth ' s  
aphe l i on of 1 . 01 670 .  The resu l tant  probab i l i ty i s  2 7 . 6  per 1 0 • orb i t s .  
1 982YA cros ses the orbi t o f  Jup i te r ,  w i th  whi ch i s  has a co l l i s i on probab i l i ty of 52 5 . 0  per 
1 0• orbi t s .  
Acco rdi ng t o  t h e  TRIAD f i l e  ( Bende r ,  1 979 ) , 7 1 9 Al bert i s  a l os t  a s teroi d .  
1 983SA a l so crosses Jupi ter ' s  orbi t ,  ha v i ng a col l i s i on probab i l i ty of 224 . 0  per 10•  orb i ts .  
Ta b l e 4 :  Mea n col l i s i o n pro ba b i l i t i e s ( P i , per  1 0
9 year s ) a nd s p rea ds ( an_ 1 ) fo r 
co l l i s i ons  be tween te rre s t ri a l p l anets a nd the Apol l o-Amor-Aten a s te ro i ds . 
Atens Apol l os Amors A l l a s te ro i ds 
n P .  0n- l n p .  a n- 1 n P .  0n - l  n P .  1 1 1 1 
Merc u ry 2 2 . 4  ± 2 . 5 5 1 . 0 ± 0 . 4  7 1 . 4 
Venu s 3 26  ± 23  1 5  5 . 4  ± 6 . 0  1 8  8 . 8 
Ea rth 4 22 ± 26  34  5 . 8  ± 1 1 . 3 38 7 . 5 
Ma rs 0 33 0 .  41 ± 0 . 5 5 38 0 . 29 ± 0 . 3 1 7 1  0 . 3 5 
Al l te rres  t r i  a 1 4 43 34 8 . 7  38 0 . 29 p l a ne t s  
